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SUMMARY
This thesis examines the performance characteristics of diesel 
engine and hydrostatic transmission combinations. A digital 
computer model of an engine-hydrostatic transmission is developed 
and used to investigate the steady state performance of a typical 
system with constant torque and constant power loads. Both load 
torque and speed are shown to have significant effects on efficiency'.
The computer model is extended to examine two types of hydromechanical 
transmission and engine combinations. Both transmission systems are 
based on a fully floating epicyclic gear train. These transmissions 
are shown to have substantially higher efficiencies when compared to 
a pure hydrostatic transmission system.
A graphical method of analysing the two hydromechanical transmissions 
is also developed and design procedures for vehicle applications are 
presented.
The models of the hydrostatic and hydromechanical transmissions are used 
to determine the conditions necessary for optimum engine-transmissicn 
system efficiency. Particular attention is given to the effect of load 
duty cycle on fuel consumption.
Substantially reduced fuel consumption may be achieved by scheduling the 
engine speed and the pump and motor displacements according to the power 
requirements.
Ill
An on-line digital computer was programmed to optimise the efficiency 
of an engine-hydrostatic transmission rig and an extensive series cf 
tests were performed. The results are shown to be in close agreement 
with those obtained from the computer model.
Work was also performed on the test rig to determine the effects of 
air in the transmission fl^id on steady state and dynamic performance. 
The test results show that the effects of air release on the static and 
dynamic characteristics were relatively insignificant except during 
the first few minutes of running. Entrained air is shown to affect 
the motor speed but would not be a real problem unless air entrainment 
is continuous due to poor tank design or low oil level.
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CHAPTER 1 ; INTRODUCTION
This thesis is concerned with the transmission of power 
from diesel engines to a variety of mechanical loads using 
hydrostatic power transmission elements.
1.1 Historical Development
Hydrostatic power transmission has been a competitor with multi­
speed gear systems for the last 75 years and has been an attrac­
tive alternative to transmission engineers who wished to avoid 
the discontinuities and shortcomings of fixed ratio transmission 
systems.
One 6f the earliest descriptions of a hydrostatic transmission 
system was made by Hall in ]Q96 (Ref. 1). His work was soon 
followed by Pittler in 1907 (Ref. 2), Barrus and Manly in 
1911 (Ref. 3) and Williams-Janney in 1913 (Ref.4). Applications of 
their drives included vehicles, conveyors and printing presses.
The extensive development of a reliable multi-speed gearbox at 
this time, however, led to a decline in the use of hydrostatic 
transmissions in vehicles which did not recover until recent 
years. Nevertheless, development continued in other applications 
with various degrees of success. A major advance in the field 
occurred during the 1939-45 War in gun control systems and also 
with the development of cheap and reliable aircraft hydraulic 
pumps and fuel pumps. Hydrostatic transmission systems combining 
precise control, high power to weight ratio and reliability became 
generally available and the development and.number of applications 
has expanded rapidly since that time.
1.2 Typical Hydrostatic Transmission Systems
Essentially, a hydrostatic transmission system consists of 
a positive displacement hydrostatic pump delivering oil to a 
positive displacement hydrostatic motor. It is possible to 
employ gear, vane, axial piston or radial piston units in the 
roles of pump and motor' although the most common arrangement 
consists of an axial piston pump delivering to either an axial 
or radial piston motor. A good description of these hydraulic 
components is given by Ernst (Ref. 5).
Typical circuit configurations are shown in fig. 1.1. In the 
open loop circuit, fig. 1.1a, the pump inlet and motor exhaust 
ports are connected directly to an open reservoir. Motor speed 
is usually controlled by means of variable displacement pump, 
and a pressure relief valve is normally employed to limit the 
maximum supply line pressure. This is a very simple system, but 
restricts the use to unidirectional operation of the motor. The 
more widely used closed circuit configuration, where the pump 
inlet and outlet ports are directly connected to the motor, is 
shown in fig. 1.1b. Again, motor speed is usually controlled by 
means of a variable displacement pump. In order to make up fluid 
leakage losses from the pump and motor, a boost system is employed 
which continuously feeds oil into the main circuit at low pressure. 
This system usually consists of a gear pump delivering oil from 
a reservoir at atmospheric pressure. The gear pump is usually 
selected with sufficient capacity to make up the leakage losses and 
to prevent cavitation under transient conditions. (Refs. 6 and 7).
If a variable displacement bidirectional pump is employed 
in the closed circuit configuration, the motor operation 
is bidirectional. In order, to accommodate this facility it 
is necessary to connect the pressure relief valve across the 
lines using, for example, the non-return valve arrangement 
shown in fig. 1.2. This enables either of the two transmission 
pipe lines to operate at high pressure depending on the direction of 
rotation of the motor. The junction of the non-return valves al^o 
provides a convenient method for selecting the low pressure line 
for the boost system supply.
The advantages of the ideal hydrostatic transmission are well 
known and may be summarised as follows:- ^
J
1. Stepless smooth control of load speed.
2. Creeping speeds maintained indefinitely.
3. With a constant speed prime mover, extreme changes in
load can occur with negligible change in load speed.
4. The load speed is fully reversible.
5. Creep in neutral is small or zero,
6. Dynamic load breaking.
7. Excellent acceleration and deceleration characteristics.
8. Overload protection with resultant improved reliability,
9. Wide installation flexibility, 
and 10. High power to weight ratio.
The extent to which these are available in the real transmission 
system depends on various compromises necessary in the design.
1.3 Transmission Efficiency and Economic Considerations
As the pure hydrostatic transmission involves a double 
conversion of power, the maximum overall efficiency is 
rarely better than 83%. This can only be expected with high 
performance hydraulic units operating at their best efficiency 
points and the efficiency is lower at other operating conditions, 
as shown by Edghill (Ref. 8). The need for variable ratio 
transmissions with higher efficiencies has led to the development 
of the hydromechanical transmission - essentially a hybrid of 
a hydrostatic transmission and a mechanical drive. The power 
flow in the system is divided between the hydraulic and mechanical 
paths, carrying only sufficient power in the hydraulic path
t
necessary to retain the variable ratio facilities and transmitting 
the remaining power through the mechanical path at a higher 
efficiency. These transmissions are often employed in constant 
speed aircraft alternator drives (Ref. 9) and in recent years 
have been employed in both light and heavy duty vehicle appli­
cations (Refs. 10 and 11).
Further improvements in efficiency may be made by considering 
the engine-transmission combination as a complete system. Recent 
workers (Refs. 12 and 13) have suggested that the overall 
efficiency of an engine-hydrostatic transmission system can be 
greater than an engine with a straight mechanical transmission.
The reason for this apparent paradox lies in the ability of the 
hydrostatic transmission to enable the engine to operate at a
relatively high efficiency under all load conditions. In 
view of the exponentially increasing demand on the World’s 
oil resources, this fact may be of prime significance in the 
future. Whitelaw (Ref. 14) describes such a system for use 
in automobiles and indicates that there could be a fuel saving 
of 20 billion gallons per annum in the U.S.A. alone.
1.4 Prediction of Performance
To design and select transmissions and their components some 
form of analytic tool is required. A steady state mathematical 
model for positive displacement pumps and motors was developed 
over 25 years ago by Wilson (Ref. 15) based on the treatment on 
the units as continuous linear elements with flow and torque 
losses< A number of possible refinements to this model h^ve 
since been suggested by Schlosser (Ref. 16) and Thoma (Ref. 17). 
Although these models are not highly complex in nature, solution 
by hand calculation is lengthy and tedious and digital computer 
techniques are usually employed (Refs. 12 and 18).
One of the first attempts at a dynamic analysis of a hydrostatic 
transmission was made by Newton (Ref. 19). The method involves 
the treatment of the pump and motor as continuous linear elements 
connected by a compressible oil column. The load is considered 
to be composed of inertia and viscous friction. Although attempts 
to verify the analysis by experimental work were also made by 
Newton, a number of appreciable errors were recorded. Similar 
methods have since been described by several authors including
Shearer (Ref. 20), Thomas (Ref. 21), Gille (Ref. 22). Recently, 
more sophisticated computational methods of analysis, with improved 
accuracy, have been reported. The work described by Worton-Griffiths 
(Refs. 6 and 7) and Knight et al (Ref. 23) falls into this category.
1.5 Plan and Scope of this Thesis
This thesis is divided into four distinct parts. The first is 
concerned with the modelling of the steady state characteristics 
of a pure hydrostatic transmission in combination with a diesel 
engine. The second extends the work to examine hydromechanical 
transmissions and particular attention is given to the design of 
these systems for vehicle applications.
i
The third part deals with the optimisation of efficiency of the 
complete engine-transmission system. Both pure hydrostatic and 
hydromechanical transmissions are considered and part of this 
work has been reported in a paper (Ref. 24). Finally, the 
fourth part is concerned with the effects of air in the fluid 
on both the steady state and dynamic performance of a pure 
hydrostatic transmission. The work in this final section is 
also described in Ref. 25.
Considerable attention has been given to digital computer 
modelling as an aid to the analysis of the engine-transmission 
systems and a large proportion of this thesis is devoted to 
the description of the computer programs developed. These 
programs are presented in the form of documentation reports 
which were originally written for the computer program library 
at the School of Engineering at the University of Bath. In
order not to distract the reader from the main theme of the 

















































FIG 1.2 HYDROSTATIC TRANSMISSION SYSTEM 
EMPLOYING bid irec tio nal  UNITS IN A CLOSED 
CIRCUIT CONFIGURATION.
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CHAPTER 2; THE STEADY STATE MODELLING OF ENGINE-HYDROSTATIC
TRANSMISSION SYSTEMS
2.1 Introduction
The simplest hydrostatic transmission consists essentially of a 
variable capacity pump a fixed capacity motor. For constant 
conditions (of speed, torque and power) for the prime mover, 
the load speed may be increased from zero to a maximum as the 
pump displacement is increased from zero to full capacity. At 
the same time, the system pressure and load torque will be 
progressively reduced. Edghill (Ref. 8) has shown that such a 
system is limited in practice to torque ratios of 3:1 or 4:1.
Beyond these limits the efficiency of a simple hydrostatic 
transmission is generally considered to be too low.
If variable capacity units are used for both pump and motor, 
the effective torque-speed range is extended to approximately 
12:1. For constant conditions at the prime mover, the speed 
of the load is increased by first increasing the pump displacement 
from zero to full capacity and then reducing the motor displacement 
from maximum to minimum capacity. Such a system is shown
I
diagrammatically in Fig. 2.1.
This chapter describes the development of a digital computer model 
of this system based on a 27kW diesel engine with an appropriate 
variable delivery axial piston pump and motor.
11
2.2. Mathematical Model of a Hydrostatic Transmission
The steady state performance of a hydrostatic transmission can 
be obtained by using either the performance characteristics 
of the particular pump and motor used (Ref. 26) or alternatively 
using a mathematical model which describes the performance of 
these units. Although the accuracy of a mathematical model is 
limited by the assumptions made in its development, it does 
have the considerable advantage of generality, and as a result 
has been employed in this study.
Assuming the hydrostatic machines to be continuous linear 
elements, the equations describing the ideal flow relationships 
and ideal torque relationships for variable capacity units are 
as follows:
Flow delivery of pump, Q = x D o )  (1)^ ^ P P P P
Flow required by motor, 0 = x D w (2)^ m  m m m
Torque into pump, T = x D p  (3)P P P P
Torque output from motor, T = x D p  (4)^ ^ ’ m m  m^m
Real pumps and motors, however, have clearances between moving
parts with the result that losses occur.
2.2.1 Flow Losses
a) Leakage Losses
Wilson postulated that a flow loss occurs as a result of 
laminar flow through small clearances in the machine. Most of 
the clearances are usually considered to be two flat parallel 
plates with leakage flow passing between them. On this assumption,
it is possible to apply Reynolds equation for laminar flow between
12
flat parallel plates. For one leakage path.
Q = h l b  ^  
^ 12Po dx
where ^  is the pressure gradient over the clearance and 
b and h are the width and height of the clearance.
Considering all the leakage paths,
Q - i -  2  ^ ^  (5)
^ 12Pg dx
The magnitude of the pressure gradient across the leakage path 
depends where the leakage occurs. In the case of an axial piston 
machine, for example, it is possible for leakage to occur from 
regions at supply line pressure to the machine casing (external 
leakage) and also from the high pressure port to the low pressure 
port (internal leakage). However, the difference between the 
pressure differentials over these regions is usually relatively 
small and to a first approximation can be treated as identical.
Hence, ^  ^   ̂ p 2  “
dx A
where A is the length of the leakage path.
From equation (5),
C pD
or Qg = ----
The slip loss coefficient, C^, which represents the sum of the 
leakage flow paths, is dimensionless and is purely a function 
of the pump construction. Ir the mathematical model proposed 
by Schlosser, an additional term for orifice slip losses is 
included:
V  = Cst' I °
Introducing this term in the model results in a loss which is 
no longer a simple linear function of pressure. However, the 
effects are relatively small in comparison with laminar slip 
loss effects and many authors tend to ignore this term.
According to Thoma (Ref. 17), the determination of from 
experimental results is not well suited to industrial practice. 
This loss term has not been included in the model.
b) Compressibility
The leakage losses previously described occur in both pumps and 
motors. A further loss, which only occurs in a pump, appears as 
a result of the compressibility of the fluid. The reduction in 
fluid delivered, as a result of the compressibility, depends upon 
a number of factors including the swept volume and the unswept 
volume between the piston and valving.
Consider an axial piston pump. The amount of fluid necessary to 
compress the fluid in a cylinder at the instant of changing from 
the intake to the delivery port is given by:
AV = -  W
B
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where P is the delivery pressure
B is the bulk modulus of elasticity of the fluid
and W is the volume of the cylinder and port at the changeover
point
A machine with n cylinders, rotating at a speed w, has a 
compressibility flow loss given by:
= no) W £  
B
For the variable displacement axial piston pump shown in Fig.2.2, 
the volume W is given by:
V
W = V + —  (1 + X ) ’
P 2 ^ I
where is the residual volume of the cylinder and port at top 
dead centre and maximum displacement
and is the maximum displacement of the cylinder.
Hence, Q = ( v + “  (1 + x )
B 2 P
( v  +
where V is the volume ratio for the pump, V^/Vq
Most modern axial piston pumps have the pistons bored out in 
order to reduce inertia, and a typical value for V is 1.0.
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c) Other Flow Losses
Flow through relief valves or any other valves external to 
the basic transmission components has not been taken into 
account in the model.
It has also been assumed that there is no reduction in pump 
flow due to entrained air in the fluid or due to cavitation 
at the pump inlet.
2.2.2 Torque Losses
Wilson considers two torque losses in his model
(i) A loss due to viscous shearing of the fluid in the narrow 
passages between moving and stationary parts of the unit
and
(ii) A loss due to the pressure differential and the physical 
dimensions of the unit, only.
Considering the viscous shear forces occurring between stationary
and moving flat parallel plates, the shear stress at a distance
y from the Stationary plate is given by:
dp
h dx
where y^ is the absolute viscosity of the oil
U is the moving plate velocity
. h is the height of the clearance
and is the pressure gradient over the clearance
dx
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At the moving plate, where y = h, the shear stress is
h dp 
h 2 dx
Over the length of the clearance (A) ^  ^
Thus, the total force on the moving plate is
y U ph 
F =1 —  + —  I 
h 2A
where b is the width of the clearance 
and the torque at a radius r is
y U ph
T =l —  + —  J Abr (7)
h 2 Z ^
I
The velocity U is related to the rotational speed of the 
machine by the equation
U = Kwr
where K is a constant governed by the geometry and construction 
of the machine.
Substitution into equation (7) gives
Kwr^ £by phbr 
T =  2 4------  (8)




Similarly, the second term can be reduced to give a pressure dependent 
fric tion torque ,
= C^Dp
A further loss term is included by Schlosser to describe 
acceleration losses in the liquid:
This was extended by Thoma to include the influence of the 
displacement setting, to give the equation
3 2Th = C^x^pw^ D '
i ■
This loss is small in comparison with the pressure dependent 
friction and viscous friction terms and may either be neglected 
or included with the system pipe friction loss,
2.2.3 Pipe Friction Loss
Assuming the flow in the pipes to be turbulent, the pipe friction
loss can be included in the model of the transmission as a
function of the square of the pump flow:
Pp - Pm = KQ " (9)
In this form, the coefficient K also takes into account loss 
in elbows and couplings.
18
2.2.4 Complete Hydrostatic Transmission Model
Combining the losses that occur in the pump and motor with ideal 
equations (1) to (4), the equations describing the transmission 
performance can be obtained:
D p D 0) p
Q = X D ( 0  P_P_P P_P_E  ̂ V + " "P > (10)
P P P P  B
Tp = ’̂ pPpPp + CfpPpPp + CvpPoWpPp (11)
0 = X D u + smPmPm (12)m  m m m --------
Po
i
"̂ m " ^m^m^m " ^fm^m^m " ^Vm^o^m^m -
The oil viscosity, y^, and the oil bulk modulus of elasticity,
B, are functions of both temperature and pressure and consequently 
change with operating conditions.
The work of Hayward (Ref. 27) has enabled the bulk modulus of 
elasticity of hydraulic mineral oils to be calculated from 
empirical equations:-
__ 4+ 0-0019 (20- to)
Bjg = (1.96 + 0.15 logjç v) 10 - 5.6(690-P)
__ 4+ 0.0018 (20- t^)
^T " (I'GS t O'lS loglO v) 10 _ 5.6(d 90-P)
and B = B(-;f)
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where Bjs is the isentropic secant bulk modulus (bar)
B,p is the isothermal secant bulk modulus (bar).
B is the tangent bulk modulus (bar)
B^ is the bulk modulus at atmospheric pressure (bar)
P is the pressure (bar)
V is the oil kinematic viscosity at 20°C (cSt)
and t is the oil temperature (°C)
In the case of a hydrostatic pump, the pressure change from the 
intake to the delivery port is relatively large and takes place 
rapidly, indicating the use of the isentropic secant bulk 
modulus equation.
The absolute viscosity of hydraulic oils can be obtained from 
an empirical equation of the term
(log Pq )^ = (log y^)2 + mP (14)
as suggested by Pearsall and Kane (Ref. 28), The coefficient 
m is a function of the type of oil and its temperature, and 
the appropriate value must be used in the viscosity calculation.
In the determination of the oil bulk modulus and viscosity, it 
has been assumed that the pump intake pressure is sufficiently 
low compared with the supply pressure to treat the supply 
pressure and pressure differential as being equal.
2.2.5 Possible Inaccuracies in the Model
The oil viscosity is calculated at the temperature of the oil 
in the return line. The temperature at the small clearances 
in the pump and motor where the slip and viscous friction losses
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occur is different to this and varies with operating conditions. 
As a consequence of this, the slip and viscous loss coefficients 
for the pump and motor are, in fact, variables which change with 
operating conditions.
Furthermore, it is possible for the clearances to increase with 
pressure, so that the slip loss coefficient appears to increase 
with pressure and the viscous torque loss coefficient appears 
to decrease slightly with pressure. Thus, the mathematical 
model which uses loss coefficients of constant value can only 
be considered to be a first approximation to the actual situation, 
The validity of using such a model in predicting performance has 
been discussed by Wilson et al (Ref. 29).
2.2.6 Simulation of the Prime Mover
Two computer techniques are available for the simulation of 
the prime mover.
Analytical techniques, which can be very versatile, tend to 
restrict the analysis to one type of prime mover. For example, 
the work of Wallace (Ref. 30) and Cave (Ref. 31) has enabled 
the steady state characteristics of diesel engines to be 
obtained analytically. For specified values of air-fuel ratio 
and inlet and exhaust pressures and temperatures, the power 
developed may be determined.
The alternative approach, which has been adopted here, is to 
introduce the prime mover characteristics into the computer model
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in array form. Although the work described in this Thesis 
is restricted to compression-ignition engines, this technique 
enables a variety of prime movers to be examined including 
spark ignition engines and gas turbines.
For comparison purposes, engine performance data is usually 
specified in terms of brake mean effective pressure, piston 
speed and brake specific fuel consumption. In the computer 
simulation, the performance is represented by a two dimensional 
array storing fuel flow as a function of engine shaft speed and 
engine torque.
2.3 Digital Computer Simulation of Engine-Transmission System
)
The computer programs developed for the simulation of the 
combined engine-hydrostatic transmission system (Program HYTSP3 
and Subroutine HYSTAT) are described in Appendices I and II.
As an engine-hydrostatic transmission system was available 
for experimental work, it was decided to base the computer 
program on this system. Full details of the engine and 
transmission are given in Table 2.1. The engine performance 
characteristics were obtained from a series of tests carried 
out on the experiment rig under steady running conditions, and 
are shown in Fig. 2.3. These results were used to provide the 
engine performance arrays for the computer program. In order 
to simulate the hydrostatic transmission, suitable loss coefficients 




As previously stated, it is common practice with such an 
engine-transmission system to run the engine at its maximum 
speed and the load speed is increased from zero to maximum 
by first increasing the pump displacement to a maximum and then 
decreasing the motor displacement from maximum to minimum. The 
possibility of operating both hydraulic units at less than 
maximum displacement has received little attention. In order 
to examine the effects of both types of operation, the computer 
program HYTSP3 has been developed to simulate both operating 
modes. Appendix I gives full information on the method employed.
i
2.4 Results of Computer Simulations ^
2.4.1 Effect of Hydrostatic Unit Displacements on Efficiency
An initial set of computer runs were carried out to investigate 
the effects of operation of the transmission with both hydrostatic 
units operating at less than maximum displacement. Fig. 2.4 shows 
the results of a simulation of the transmission during a constant 
torque load of 100 Nm. The engine speed is held constant at 
1000 rev/min. The transmission efficiency is shown over a wide 
range of transmission output speeds as a function of pump swash 
plate angle. For any given output speed, it is clear that as the 
pump swash plate angle is increased, with a corresponding increase 
in motor swash plane angle to maintain a constant output speed, 
the transmission efficiency increases. Since the engine speed is
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held constant, the increase in transmission efficiency results 
in a decrease in engine torque with a corresponding reduction 
in engine fuel flow. Maximum transmission efficiency is 
achieved when either the maximum motor swash plate angle is 
reached or the maximum pu^p swash plate angle is reached - 
depending on the demanded output speed. Peak efficiency occurs 
with both units at maximum displacement.
Further simulations of this nature were carried out to determine 
if this was true for other operating conditions. Typical 
examples, showing the effects of engine speed, load torque and 
pipe friction are given in Figs. 2.5, 2.5 and 2.7 respectively.
In all cases examined, for a given output speed maximum efficiency
i ■
was found to occur with either the pump or motor at maximum 
displacement.
This is clearly the ideal- operating mode for the system and in 
view of these results, all subsequent simulations were carried 
out using the semi-optimised option of program HYTSP3. This 
automatically selects either maximum pump or motor displacement 
according to the specified conditions.
2.4.2 Constant Torque Loads
In order to examine typical transmission performance characteristics, 
the simulation of the transmission driving constant torque loads 
was carried out over a full output speed range. This is typical 
of the operation of a tractor (Ref. 32). Load torques of 100 Nm 
and 20 Nm were chosen as being representative of a steady load 
and a light load respectively. The engine speed was held constant 
at 2000 rev/min and the pump and motor swash plate angles were
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computed as functions of output speed, as shown in Fig. 2.8,
The pump swash plate angle shows an essentially linear 
relationship with output speed which is virtually independent 
of the load torque - the 100 Nm load requiring a slightly 
higher pump swash plate angle in order to compensate for the 
higher slip and compressibility losses. The output speed at 
maximum pump displacement is 1984 rev/min for the 20 Nm load 
and 1937 rev/min for the 100 Nm load. For higher output speeds 
it is necessary to reduce the motor displacement, as shown in 
Fig. 2.8a. In the case of the 100 Nm load, maximum engine power 
is reached at an output speed of 2000 rev/min. The full output 
speed of 3000 rev/min can be achieved at the lighter load 
condition. '
)
The transmission efficiency, shown in Fig, 2.9a, reaches a 
peak between 1500 and 2000 rev/min output speed, falling off 
as the speed is further increased. Similar characteristics 
were obtained for the 20 Nm and 100 Nm loads, the peak 
efficiencies being 57% and 78.5% respectively.
The brake-thermal efficiency of the engine. Fig. 2.9b, increases 
with output speed for both loading conditions. Substantially 
higher efficiencies are achieved for the 100 Nm load.
The overall efficiency of the complete engine-transmission 
system, which was determined from the product of the overall 
transmission efficiency and the engine brake-thermal efficiency, 
is shown in Fig. 2.9c.
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The performance in terms of overall specific fuel 
consumption is also shown. This parameter is frequently used 
in engine performance work as an alternative criterion of 
performance to brake-thermal efficiency. In these studies, 
however, the overall specific fuel consumption refers to the 
rate of fuel consumption per unit of transmission output 
power rather than the rate of fuel consumption per unit of 
engine output power.
It is clear from Fig. 2.9c that the overall efficiency is very 
much improved at the higher load condition, the maximum 
efficiency for the 100 Nm load being 25.5% (0.33 kg/kWhr):
)
compared with 14.5% (0.58 kg/kWhr) for the 20 Nm load.
2.4.3 Constant Power Loads
The performance of the system was then examined over a full 
output speed range for the two load torque speed characteristics 
shown in Fig. 2.10. These characteristics represent constant 
power loads of 5 kW and 15 kW and are typical of many regulated 
loads. A load torque limit of 160 Nm has been imposed, which 
corresponds to a maximum fluid pressure of 200 bar at full 
motor swash plate angle. The engine speed is held constant 
at 2000 rev/min. The efficiencies of the transmission, the 
engine and the engine-transmission system arc shown in Fig. 2.11. 
Peak transmission efficiencies are 67% and 78% for the 5 kW and 
15 kW loads respectively. The engine brake-thermal efficiency 
remains virtually constant over the full output speed range 
when driving the 15 kW load. With the 5 kW load, the engine
2 6
efficiency is appreciably lower except at very low output
speeds. Referring to the engine performance characteristics,
Fig. 2.3b, the operating points for the 15 kW and 5 kW loads
at 1000 rev/min output speed are shown as points A and B
respectively. As the output speed is either decreased or
increased, the transmission efficiency falls, the engine
torque must rise. For the 15 kW load (point A) this gives
a negligible change in the specific fuel consumption, but
for the 5 kW load (point B) the engine specific fuel consumption
falls appreciably and the efficiency increases. The overall 
efficiency of the complete engine - transmission system is
also shown in Fig. 2.11. The improvement in efficiency at the
higher of the two loads is again clearly evident.. ,
)
It might be pointed out that the transmission does not 
represent the best that can be done with present day technology 
but the shape and trends of the characteristics can be taken 
as typical.
2.4.4 Effect of Engine Speed
Whilst it is possible to control the output speed by means of 
the pump and motor displacements aJ.one, it is also possible to 
control the output speed by varying the engine speed and making 
appropriate adjustments to the pump and motor swash plate angles. 
This, of course, adds an extra variable to be controlled, but 
the benefits in terms of engine fuel consumption can be quite 
substantial. As an example. Fig. 2.12 shows the effect of 
varying engine speed on fuel consumptions for different load 
torque ̂ levels. The output speed is held constant at 1000 rev/min
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by appropriate changes in the pump and motor displacements.
It is clear that at each torque level, reducing the engine
speed from its maximum value has a considerable influence
on fuel consumption. For the lightest load of 20 Nm, the
fuel consumption reduces continuously as the engine speed is reduced
from 2000 rev/min to its minimum at 600 rev/min. For the
other two load torque conditions a distinct minimum in fuel
consumption is attained. This is of considerable importance
not only from the fuel consumption standpoint, but because
reduced engine speed means reduced noise and in general,
longer engine life. This is examined in much greater detail





Perkins P3/144, 2,4 litre, 3 cylinder 4 stroke engine.
Rated at 27 kW Gross at 2000 rev/min.
Operating speed range: 600 to 2000 rev/min.
Maximum torque characteristic represented by the empirical 
equation:
^EM = IGO (1 - " - S
in Nm and in rev/min
Hydrostatic Transmission Components
Pump and Motor: Variable swash plate axial piston units 
manufactured by Downel.
Maximum speed 3000 rev/min.
Maximum pressure 200 bar.
Volumetric displacement 8.47 x 10  ̂ m^/rad
Dimensionless loss coefficients (estimated from manufacturers
performance charts):
Pump Motor
Cs 3 X 10"9 3 X 10"9
3 X 10"2 3 X 10"2
2 X 105 2 X 105
The viscosity of the oil was taken to be 1.74 x 10 ^ Ns/m^ 
corresponding to Mobil DTE 24 at 50^C and atmospheric pressure,
TABLE 2.1 Details of Simulated Engine-hydrostatic
Transmission System.
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CHAPTER 3 ; THE STEADY STATE MODELLING OF ENGINE-HYDRCMECHANICAL
TRANSMISSION SYSTEMS
3.1 Introduction
A hydromechanical transmission combines a hydrostatic drive 
with a mechanical drive to enable a proportion of the power 
to be transmitted mechanically at a higher efficiency, whilst 
retaining the variable ratio facility. Most types are based 
on some form of differential gear, usually one or more 
epicyclic gear trains and numerous examples have been reported 
(Refs. 33, 3H, 35).
In this chapter, digital computer models of two types of 
engine-hydromechanical transmission systems are developed 
and the performance of both systems are examined under constant 
load torque and constant power conditions. Comparisons are 
also made with a pure hydrostatic transmission using the model 
developed in Chapter 2.
3.2 The Dual Mode Transmission
One type of hydromechanical transmission has been developed 
by the Sundstrand Corporation (Ref. 11). This is known as 
the ’Dual Mode’ transmission and operates in both a pure 
hydrostatic mode and a hydromechanical mode.
The basic layout cf the system is shown in Fig. 3.1. The 
engine drives the planet carrier of an epicyclic gear train ; 
through a clutch (1), and also drives a variable displacement 
hydrostatic unit. A, This unit is connected to a variable
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displacement hydrostatic unit, B, which drives the annulus 
of the epicyclic train by means of a gear. The output is 
taken from the sun gear which may be locked to the annulus 
by means of a second clutch (2).
At rest the swash plate angle of unit A is zero and unit B is 
set to maximum displacement. Clutch (1) is disengaged and 
clutch (2) is engaged. The output speed is increased by 
increasing the displacement of unit A from zero to a maximum.
In this region, the transfer of power is purely hydrostatic.
At maximum unit A displacement, clutch (2) is disengaged and 
clutch (1) is engaged, changing the operating state from 
hydrostatic to hydromechanical mode. The gearing is arranged 
so that synchronous clutching occurs on the planet carrier shaft. 
The hydrostatic unit roles are now reversed, with unit A 
motoring and unit B pumping, so that hydraulic power is 
recirculated. This reversal of the roles of the hydrostatic 
units is characteristic of most hydromechanical transmission 
systems and necessitates connection of the units in a closed 
circuit configuration as described in paragraph 1.2 of Chapter 1. 
The output speed is further increased by decreasing unit A to 
zero displacement, which reduces the annulus speed to zero.
At this point the power transfer is purely mechanical and the 
transmission efficiency is a,maximum. The displacement of 
unit A is now increased negatively, changing the direction of 
the rotation of the annulus and producing a further increase in 
output speed. Under these operating conditions, the hydraulic 
units revert to their original roles and the epicyclic gear 
train combines the hydraulic and mechanical powers.
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3.3 The Shunt Transmission
Another example of a hydromechanical transmission known 
as a ’shunt’ transmission has also been investigated. This 
system shown in Fig. 3.2, operates entirely in a hydromechanical 
mode over the full output speed range. The engine drives the 
annulus of a fully floating epicyclic gear train and the output 
is taken from the planet carrier. The hydrostatic transmission 
is connected between the epicyclic sun gear and the output 
shaft. The system operates by altering the proportion of the 
engine power which is taken directly by the gears to that which 
is transmitted through the hydrostatic transmission.
Consider the prime mover operating at constant speed. Unit B 
is at maximum displacement and uni*'' A is at zero displacement ; 
the output shaft is stationary. Unit A is rotating at some 
negative speed (taking the engine speed as positive). As the 
displacement of unit A is increased, the speed of unit A 
decreases with the result that the output speed increases. This 
continues until the maximum displacement of unit A is reached.
A further increase in output speed is achieved by reducing the 
displacement of unit B to zero. Over this operating region, 
unit A is pumping and unit B is motoring, so that power is 
transferred hydraulically from the epicyclic sun gear to the 
output shaft. Zero unit B displacement results in the epicyclic 
sun gear being held stationary. All the engine power is trans­
mitted mechanically and the transmission is operating at 
maximum efficiency.
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As the displacement of unit B is increased negatively, the 
roles of the hydraulic units reverse and power is recirculated 
hydraulically from the output shaft to the epicyclic sun gear. 
Maximum output speed is reached when unit A is rotating at 
its maximum negative speed,
A typical unit displacement schedule for constant engine speed 
operation is shown'in Fig. 3.3.
3.4 The Component Speed Map
In order to examine the basic operating characteristics of
the two transmission systems more closely, a graphical technique
based on a lossless analysis of the components has been developed.
Consider the Dual Mode transmission operating in hydrostatic mode; 
Equating unit A flow to unit B flow.
or x^D^Wg ti/t2 = XgDgWg ts/t̂  (1)
where the number subscripts refer to the gear numbers in 
Fig. 3.1.
Thus ^ \ (2)
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This enables the output speed ,ü)̂ , to be determined for any 
given engine speed and ratio of hydrostatic unit displacements. 
This is shown graphically in Fig. 3.4a. It has been shown in 
Chapter 2 that maximum hydrostatic transmission efficiency occurs with 
one of the hydrostatic units at maximum displacement. 
Consequently, for
—  ^ 1, unit A is at maximum displacement
’'a—  ^ 1, unit B is at maximum displacement
’'b
In hydromechanical mode, the epicyclic gear is fully floating, 
From kinematic considerations, j
Wg = (1 + (3)
Hence = (1 + R)Wg ti/tg + Rm^ ti^/tg (4)
Thus the output speed, , may be represented as a function 
of the engine speed and unit B speed only. Fig. 3.4b.
Linos of constant hydrostatic unit displacement may be 




substituting for in equation (4) gives
ti / \ / tit4
t3 \ XgDg / \ tzts
Wg = (1 + R)wg —  - I ---  j R (Og
= (1 + R) (5)
This superposition is shown in Fig. 3.4c. There are, however, 
practical limitations which must also be considered. Both the 
engine and the hydrostatic units must be operated within the 
speed limits recommended by the manufacturers. Fig. 3.5 shows 
typical limitations on the maps for a Dual Mode transmission 
designed for operation at oower levels of up to 240 kW.
It is interesting to note from the hydromechanical mode map 
that the system can be operated entirely in the hydromechanical 
mode if desired. This simply entails starting the system with 
unit A at maximum displacement and unit B at zero displacement. 
Clutch 1 is engaged and clutch 2 is disengaged (Fig. 3.1) throughout 
the complete speed range. A typical displacement schedule for 
constant engine speed operation is given in Fig. 3 of Appendix V.
In a similar manner, it is possible to construct a component 
speed map for the shunt transmission. As operation takes place 
entirely in a hydromechanical mode, only one map is required.
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From equation (3)
- t4/t3 = (1 + R)ü)̂  + RWg ti/t2
where the number subscripts refer to the gear numbers in 
Fig. 3.2.
- R tiWg tî ŵ  
Hence w =   - ----
^ (1 + R)t2 t g d  + R) (6)
Again, the output speed, w^, can be represented in terms of 
the engine speed and a hydrostatic unit speed only, as shown 
in Fig. 3.6.
Now, for the hydrostatic transmission ^
^A^A^A "
= - XgDgü3^t6/t5
V b / m
\ t 5 /
or w. = - - - - - - -  I —  I 0)
V a  ' ' '
substituting in equation (6) gives
RtiO)j, /  XgDg \ tittgüî
%  - (1 + R)t2 y j  t g t g d  + R)
- Rti/t2(l + R)
“r 1 / t4 te
^A^A j  + R)
(7)
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Thus, lines of constant x^/x^ may be superimposed on the 
map in the same way as that described for the Dual Mode 
transmission. A complete map for a 240 kW shunt transmission, 
taking into account the speed limitations of the engine and 
hydrostatic units, is shown in Fig. 3.7.
3.4.1 The Use of the Component Speed Map
To understand the use of the component speed map consider, 
as an example, the Dual Mode transmission operating at a 
constant engine speed of 1500 rev/min. This is represented 
by the vertical lines AB and BC in Figs. 3.5a and 3.5b 
respectively. Starting in hydrostatic mode. Fig. 3.5a, the 
ratio of the hydrostatic displacements, x^/x^, is increased 
from zero to unity, implying that unit B is at maximum 
displacement and unit A is increased from zero to maximum 
displacement. The transmission output speed at change mode is 
500 rev/min. In hydromechanical mode. Fig. 3.5b, the ratio 
x^/Xg is reduced from unity to zero, indicating unit A is 
reduced to zero displacement. The transmission output speed 
increases from 500 rev/min (point B, Fig.3.5b) to 1950 rev/min 
(point D) with a corresponding reduction in unit B speed from 
about - 1400 rev/min to zero. Point D represents the maximum 
transmission efficiency condition. The displacement of unit 
is then increased in a negative direction so that x^/Xg changes 
from 0 to - 1. The transmission output speed increases to 
3400 rev/min (point E) and unit B speed increases to about 
+ 1400 rev/min. Further increase in output speed is achieved 
by a further increase in the ratio x^/Xg, indicating that the
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displacement of unit B has to be decreased. Maximum output 
speed is limited by the 2400 rev/min speed limit of unit B 
which is reached at an output speed of 4500 rev/min.
A virtually indentical procedure is employed when using the 
map for the shunt transmission.
More complex operations involving, for example, simultaneous 
variations of engine speed and hydrostatic unit displacements 
can be handled with equal simplicity.
3.5 Computer Simulation of Engine-Hÿdromechanical Transmission
Systems
i
The component speed map is a useful tool for a preliminary 
examination of these transmission systems, but gives no 
indication of the system efficiency. In order to carry out 
a more detailed analysis, digital computer models of both the 
Dual Mode and Shunt transmissions have been developed, taking 
into account the losses that occur in the various components. 
Since both transmissions are essentially different arrangements 
of the same components, the computer models have been combined 
to form one computer program.
The main program (TRANS) links the hydrostatic transmission 
subtroutine (HYSTAT) with another subroutine describing the 
epicyclic gear train (EPIC) according to the transmission 
component arrangement. The simulated prime mover, a Perkins 
V8.640 turbocharged diesel engine is modelled from steady state 
performance characteristics using the same technique described 
in Chapter 2.
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The flow charts for these programs, together with fully 
documented descriptions of the algorithms and methods employed, 
are given in Appendices II, V and VI. Due to the limitations 
on the range of motor displacements specified in subroutine 
HYSTAT (Appendix II), ix is important when linking this routine 
to the main program that the hydrostatic unit which passes 
through zero displacement is termed the ’pump'. Consequently, 
the terms ’pump’ and ’motor’ are used exclusively in the main 
program documentation and printout (Appendix V). In the case 
of the Dual Mode transmission. Unit A is termed the ’pump’ 





In order to provide an adequate simulation of the two 
hydromechanical transmission systems, it is necessary to 
assess gear losses. In any gear pair or train of gears the 
torque that can be transmitted is reduced, due to various frictio-r» 
effects. These have been well described by a number of authors 
(Refs. 36 and 37) and may be summarised as follows : -
a) Sliding Friction between the Tooth Surfaces
This depends on a number of factors including the 
coefficient of friction between the teeth, the type 
of gear and the design of the gear teeth.
b) Oil Churning and Windage
Oil churning depends on the type of gear, the gear casing 
design, the gear, speed and the lubricant used and its
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temperature. Torque effects are small although the 
loss can increase with a decrease in torque as a 
result of lower lubricant temperature and higher 
viscosity. Windage losses are very small and only 
become significant at very high peripheral speeds,
c) Bearing Loss
This is governed directly by the type of bearing 
employed. Ball and roller bearing losses are sub­
stantially of the same nature as those of gears : 
sliding friction and churning. Plain journal bearings, 
however, have a pure viscous loss which produces a torque 
loss directly proportional to speed.
«
In the model developed, the losses due to causes (b) and (c) 
are considered to be proportional to speed. Experimental 
justification of this has been given by Magi (Ref. 38).
It has been assumed that this speed dependent loss can be
treated as external to the gears, as shown in Fig. 3.8. This
gives equivalent torques of T^^ and T^^ at the shafts of a 
system with sliding friction at the tooth surfaces only.
The conditions at an instaneous point of contact between the 
teeth are shown in Fig. 3.9. The gears considered are of the
involute type with helical teeth.
If the reaction .force to an applied positive torque T^^ is
N, then at the point of contact the component of this force 
is N cos 3 (where 3 is the helix angle). The sliding motion 
at the point of contact also produces a frictional force yN
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as shown in Fig. 3.9. The total resultant force, P, acts 
through a point C at a distance x from the pitch point. 
Taking moments about C
T T .
F = — Î2—  = —
r^ + X r2 - X
where F is the tangential component of the force P and 
subscripts 1 and 2 refer to the input and output shafts 
respectively.
Hence T r-i + x
^  I  ̂  ̂ 1 (8)
T r \ 1 - x/r62 2 \ 2
Similarly, for an applied positive torque T
62
!si
T r + X62 2
- r% / 1 - x/rj \ (9)
r2 \ 1 + x/r2
Now, the distance x will change with the position of the 
point of contact, B, according to the equation,
AB sin6X = --------
Cos(« + 6)
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where 6 = tan (y/cos3)
and « is the pressure angle in the plane of rotation.
The coefficient of friction also changes with the position 
of the point of contact. However, for practical purposes 
it is possible to apply a mean value for x (Ref. 38) and 
equations (8) and (9) become
T ti / 1 + Cl
Tez \ 1 - C2
for power from 1 to 2
(10)
or, 111 = ll I ^ \ (11)
T t V 1 + C62 2 \ 2
for power from 2 to 1 
where 0% and C2 represent dimensionless torque dependent loss 
coefficients,
and C1/C2 = r2/ri = t2/ti (12)
Applying the notation that power in is positive and power 
out is negative, and taking into account the speed dependent 
losses, equations (10) and (11) can be reduced to give one 
general equation:-
(1 - Cl sgn (Tiwi )) (Ti - fiwi )/ti
= (1 - C2 sgn (T2W2 )) (T2 - f2^2 )/t2 (13)
where sgn (Too) = Tw/ iTwl
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For power flow from 1 to 2 the efficiency is given by
hl2 = _ T2(02 fi|ü)i|\ ti |w2|
Tiw% yi + C2 / \ Tj J  T%t2
and for power from 2 to 1
T2W2
The effects of both torque and speed on efficiency are shown 
in Fig. 3.10. The difficulty of assigning values to the loss 
coefficients 0%, C2 , f1 and f2 without experimental data is
t
undoubtedly obvious. Maximum efficiency values for helical 
gears ai>e generally of the order of 98% at maximum power and 
maximum speed.
In the computer simulations carried out, the following loss 
coefficient values were used for all gears and were found to 
produce realistic overall efficiencies:
Cl = C2 = 0.005 
f1 = f2 = 0.01 Nms
According to equation (12) the ratio of the torque dependent 
loss coefficients C1/C2 is directly proportional to the gear
ratio t2/ti. However, the simple analysis summarised in table 3.3 
shows negligable errors are involved in taking Ci = C2 for any 
gear raxio.
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The extension of this analysis to model the gearing in the 
two types of transmission system is fully described in the 
computer program documentation (Appendices V and VI).
3.5.2 Transmission Component Selection
The study described in this Chapter was carried out as an aid 
to the commissioning of hydromechanical test rigs for the 
Wolfson Laboratories at the University of Bath. These rigs 
are to be used to determine the steady state and dynamic 
performance of engine-transmission systems under typical heavy 
duty vehicle torque-speed conditions. At this stage in the 
development of the model, it was apparent that suitable hydraulicÎ
units and gear ratios could not be selected without careful 
consideration of the engine-transmission duty, and consequently 
some form of simple design procedure was required. This task 
was found to be more complex than first anticipated and as a 
result Chapter 4 is devoted to a description of the final 
procedures developed. These design procedures were used to 
design both a Dual Mode and a Shunt transmission suitable for 
a heavy»' duty vehicle application. The specified duty is 
summarised in table 3.1 and the component values determined are 
given in table 3.2. For the computer simulation the hydrostatic 
unit loss coefficients were estimated from the manufacturers 
performance characteristics. The engine fuel consumption and 
torque characteristics are shown in Figs. 3.11 and 3.12. As 
no details of this engine were available, the characteristics 
were obxained by scaling the characteristics of a Perkins T6.354
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engine to the higher torques of the V8 on the assumption that 
the B.M.E.P's would be essentially the same,
3.6 Results of Computer Simulations
A number of computer simulations have been carried out in
order to examine and compare the performance of the two
transmission systems. Although the maximum output shaft
speeds of the Dual Mode and Shunt transmissions are considerably
different, suitable rear axle ratios have been chosen so that
the same maximum vehicle speed can be achieved in both cases.
Presentation of the results as a function of axle shaft speed
r
enables a direct comparison to be made.
i
j
Since the two engine-transmission systems were designed for use 
in a 40 tonne vehicle, it is useful to examine the system 
performance driving typical vehicle torque-speed characteristics. 
Typical characteristics for a 40 tonne vehicle, obtained using 
the methods described in Ref. 39, are shown in Fig. 3,13. In 
the simulations carried out the torque-speed characteristics 
for 1° and 2,5^ inclines are assumed to be equivalent to constant 
axle torques of 5kNm and lOkNm, respectively.
In order to check that the engine transmission systems fulfil 
the requirements specified in Table 3.1, it is important 
that they are compared on a maximum power capability basis. This 
has been carried out for both the Dual Mode and Shunt Transmissions 
and also for a pure hydrostatic transmission.
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The operation of the two hydromechanical transmissions driving 
a constant load power characteristic of 120 kW has also 
been examined. This is significant if the system is derated 
to operate at output powers in the region of 120 kW in order 
to reduce the loading on the engine and transmission components 
and hence reduce both wear and maintenance. Typical computer 
printouts, from which the performance characteristics were 
determined, are given in Tables 3.4 and 3.5.
3.6.1 Constant Torque Loads
The initial computer simulations were carried out to determine 
the performance characteristics of the two transmissions under
Î
the constant axle torque loads of 5 and 10 kNm over the full 
range of operating speeds. The engine speed was held constant 
at its maximum value of 2600 rev/min.
a) Dual Mode Transmission
Fig. 3.14 shows the characteristics of the Dual Mode 
transmission driving an axle shaft torque of 5 kNm. At rest, 
hydrostatic unit B is at maximum displacement and the swash 
plate of unit A is set at a small angle, to allow for slip 
losses, so that sufficient pressure is produced to hold unit B 
against the load.torque; the transmission is in hydrostatic 
mode. As the displacement of unit A is increased, the axle 
speed increases, reaching 82 rev/min at the maximum swash 
angle of 18 deg. In the ideal case, unit B would be running 
at its maximum negative speed of 2400 rev/min but due to slip 
and compressibility losses, the speed is - 2300 rev/min. The
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overall transmission efficiency at this condition can be 
seen from Fig. 3.14c to be 67%.
To further increase the output speed, the operating state 
is changed from hydrostatic to hydromechanical mode. The 
immediate result is a change in the power flow in the hydrostatic 
transmission from a power output of 43 kW to a power input of 
130 kW, together with a sudden increase in the planet carrier 
power, as shown in Fig. 3.14e. This change in hydrostatic power 
flow can be deduced from consideration of the torque changes 
taking place in unit B:r
Neglecting friction losses, at the change mode speed the torque 
at unit B is; ) ■
Tg = Tqj  ̂ t^/tg in hydrostatic mode,
which changes to:
T g = - R  Tq^ t^/tg in hydromechanical mode.
The hydraulic power is now recirculating and the planet carrier 
is transmitting 177 kW - more than three times the output power 
at this condition. Although hydrostatic transmission efficiency 
increases from 70% to -76% (the negative sign indicates the change in 
power flow direction) the overall efficiency falls quite 
significantly from 67% to 54%. This is due to the very high 
hydraulic power transfer, Fig.3.14e,
It is interesting to note that there is a discontinuity in 
both unit A displacement and unit B speed as the power flow
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changes direction. Unit B is running at less than its 
maximum speed in hydrostatic mode due to flow losses and 
as the change in power flow occurs, unit B is forced to 
overrun in order to maintain the output speed constant:
In hydrostatic mode.
Wg = - 2300 rev/min
= 836 rev/min (w^ = 82 rev/min)
In hydromechanical mode.
= (1 + R)Wg ti/tg + RWgt^/tg
Hence, to maintain at 836 rev/min
“b ~ ^̂ s " (1 + R)Wr ti/t3)tg/Rt4
= (836 - (1 + -^) X 2600 X ~ )  x24' 72' 3 X 26
= - 2440 rev/min.
At the same time, the displacement of unit A is reduced from 
18 deg. to 17.4 deg. as shown in Fig. 3.14a, in order to compensate 
for the higher flow losses at the higher unit B torque. In 
practice, the characteristics of this change would be modified 
by clutch slip, torsional wind-up on the planet carrier shaft 
and the engine governor characteristics. Continued reduction 
in unit A displacement reduces the speed of unit B and hence the
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speed of the epicyclic annulus, with a resulting increase 
in output speed. The power input to unit B decreases linearly 
with output speed and the hydrostatic efficiency falls off, 
as shown in Fig, 3.14b, The reduction in hydraulic power 
transfer, however, results in a steady increase in overall 
transmission efficiency. At an axle speed of 301 rev/min, 
the hydrostatic transmission efficiency has fallen to zero 
and continued reduction in unit A displacement results in a, 
situation where there is insufficient power input to unit B 
to overcome the hydrostatic transmission losses. To examine 
this phenomena in more detail the results of the simulation 
of this zero hydrostatic transmission efficiency region are
presented in Fig. 3.15. As the displacement of unit A is
)
reduced to zero, unit A torque becomes negative and there is
power input to both hydrostatic units, represented in Fig, 3.15d -
by zero hydrostatic transmission efficiency. However, the total
input power the hydrostatic transmission over this region is
still below that at lower axle speeds and consequently the
overall transmission continues to increase. Fig. 3.15c, reaching
a maximum of 88.9% at zero unit A displacement. Unit B continues
to rotate at a negative speed at this condition due to slip and
compressibility losses. To reduce the speed of unit B to zero,
a sudden change in unit A displacement to -0.5 deg. is required,
as shown in Fig. 3.15e. This is necessary as unit B is no
longer capable of producing sufficient flow to make up the slip
losses in unit A, and so unit A must be forced to act as a pump. 
This results in an immediate increase in unit A torque and a
consequent increase in the hydraulic power flow. The overall
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efficiency falls from 88.9% to 87.1%. Increasing the 
swash plate of unit A negatively, further reduces unit B 
speed until unit A is producing sufficient flow to make 
up the flow losses in both units and unit B is held 
stationary. Continued negative increase in unit A 
displacement causes unit B to motor and the torque at unit 
B changes from
Tg = TgRt^/tg - gear friction losses
for negative rotation
Lo Tg = T^Rti+Ztg + gear friction losses
for positive rotation
This increase in torque, shown in Fig. 3.15b, produces another 
increase in hydraulic power flow, reflected in a second j 
decrease in overall transmission efficiency. Fig. 3.15c. 
Referring again to Fig. 3.14, as the position of the swash plate 
on unit A is increased negatively, hydrostatic transmission 
efficiency increases, but overall transmission efficiency 
starts to fall as more power is transmitted hydraulically. 
Maximum engine power is reached at an axle speed of 395 rev/min.
b) Shunt Transmission
The performance of the shunt transmission driving the 5 kNm 
axle torque load is shown in Fig. 3.16. The design procedure 
described in Chapter 4 indicated the need for a two speed rear 
axle in order to meet the specified duty, and the results of 
the simulation are presented for operation in each gear.
In order to avoid severely overspeeding hydrostatic unit A,
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the system is started with the engine running at 1700 rev/min.
At rest, unit A is running at its maximum negative speed at 
this condition, as shown in Fig. 3,7, To increase the output 
speed, the displacement of unit A is increased negatively.
Fig. 3.16a, with unit B held at maximum positive displacement. 
Simultaneously, the engine speed is increased linearly with 
output speed so as to maintain unit A at - 2400 rev/min.
This is represented by the line Q - R in Fig. 3.7. Maximum 
engine speed is reached, in 1st gear, at an axle speed of 
45 rev/min. Continued increase in output speed is achieved 
by increasing the swash plate of unit A to its maximum negative 
value of 18°, Fig. 3.16a, with a resultant decrease in unit A 
speed. Fig. 3.15d. Over this region, both hydrostatic transmission 
and overall transmission efficiencies increase rapidly to values 
of 75% and 88% respectively. The power produced by unit B,
Fig. 3.16e, is combined with the planet carrier power to produce 
the total output power, as shown in Fig. 3.16f. Unit A is now 
held at maximum displacement, and the swash plate of unit B is 
reduced to zero. Fig. 3.16b. Unit A speed continues to decrease 
and hydrostatic transmission falls. The proportion of output 
power supplied by unit B also decreases.
Hydrostatic transmission efficiency reaches zero at an output 
speed of 116 rev/min and as with the Dual Mode transmission, 
the condition is reached where power is supplied to both units, 
again indicated by the line of zero efficiency. The region
G1
is reproduced in greater detail in Fig.3.17, The charac­
teristics are very similar to those shown in Fig.3.15 for 
the Dual Mode transmission; the two discontinuities again 
occurring at zero swash angle and zero hydrostatic unit speed.
As unit A takes up a positive rotation, hydraulic power is 
recirculated from the output shaft to the epicyclic sun gear. 
Continued change in unit B displacement to its maximum 
negative value increases the axle speed to the maximum possible 
in 1st gear. As hydraulic power is recirculated, the planet 
carrier power becomes greater than the power output. Fig. 3.16f, 
and the overall transmission efficiency falls from the 
maximum of 91% to 76%.
»
)
The performance in 2nd gear shows similar characteristics, 
the maximum engine power being reached at an axle speed of 
400 rev/min.
c) Comparison of the Two Transmission Systems
Fig.3.18 shows a comparison of the transmission efficiencies 
and overall engine-transmission system efficiencies for the 
5 kNm load. Over the 200 to 400 rev/min range of axle speeds, 
the transmission efficiencies are of a similar value, the 
shunt transmission showing a slightly higher efficiency as 
a result of the lower speed dependent torque losses in the 
gears due to the lower gear speeds. Below an axle speed of 
175 rev/min, the shunt transmission can be operated in 1st 
gear with an improvement in transmission efficiency which 
cannot be matched by the Dual Mode transmission. A slight
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improvement is obtained by this transmission in hydrostatic 
mode, but the maximum efficiency of 68% at the change mode 
speed is low compared with 85% obtained from the shunt 
transmission at the same axle speed. This is reflected 
in the overall system efficiency, Fig, 3.18b, which shows 
a subtantial improvement with the shunt transmission over 
the 100 to 200 rev/min axle speed range.
A second set of simulations, carried out for the 10 kNm
axle torque load, are summarised in Fig.3.19, The characteristics
are broadly similar to those obtained for the 5 kNm load torque.
In hydrostatic mode, the Dual Mode transmission exhibits 
similar transmission efficiencies and engine-transmission 
efficiencies to those obtained with the Shunt transmission. 
However, as hydromechanical mode is selected at an axle speed 
of 82 rev/min, the Dual Mode transmission efficiency falls from 
74% to 53% but the Shunt transmission efficiency continues to 
increase steadily with increasing axle speed. This clearly 
is a result of the much lower hydraulic power being transmitted 
in the Shunt transmission, as shown in Fig. 3.19c.
3.6.2 Maximum Power Characteristics
In order to determine the load conditions which result in 
maximum engine power, constant torque loads were simulated 
over a range of output speeds near maximum output power.
Linear extrapolation was used to determine the exact load 
speed, for the given load torque, at which maximum engine 
power was reached. The results for the Dual Mode and Shunt 
transmissions are presented in Figs. 3.20 and 3.21. For a
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comparison with a pure hydrostatic transmission, the 
computer model described in Chapter 2 was used. The V8.640 
engine performance characteristics were substituted for the 
P3.144 characteristics and the simulations carried out using 
the same Sundstrand hydrostatic units employed in the 
hydromechanical transmissions-. In order to avoid a pair of 
gears between the engine and the hydrostatic pump, it was 
assumed that both units were capable of running at 
2600 rev/min, so that direct coupling to the engine was 
possible. For valid comparisons with the hydromechanical 
transmission systems, the results have been transposed, by 
a suitable output gear ratio, to vehicle axle shaft conditions.
a ) Dual Mode Transmission (Fig. 3.20)
Starting in hydrostatic mode, overall efficiency rises 
sharply, whilst unit B .operates at maximum pressure differential, 
producing a torque at the axle of 31.4 kNm. Maximum engine 
power is reached at 52 rev/min and as the axle speed is further 
increased the output torque fails. Overall transmission 
efficiency continues to increase, reaching a local maximum of 
76% at the change mode speed of 80 rev/min. Changing to 
hydromechanical mode, the output torque falls from 22.6 kNm 
to 12 kNm and remains at this value until the axle speed reaches 
130 rev/min. This ’step’ in the torque-speed characteristic 
is necessary in order to provide a wide enough speed range to 
meet the specified duty and is described in greater depth in 
paragraph 4.3.4, of Chapter 4, Overall efficiency falls 
considerably as the change is made dropping to 50%, but 
gradually recovers as the output speed is increased, reaching
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a maximum of 90% at an axle speed of 333 rev/min. The 
characteristic drop in efficiency again appears at this 
speed as unit B changes rotational direction. Continued 
increase in output speed causes a slight decrease in 
transmission efficiency, falling to 83% at the maximum axle 
speed of 588 rev/min. The vehicle duty used for the design, 
as specified in table 3.1, is adequately fulfilled, the 
maximum speed at an axle torque of 31 kNm being 60 rev/min 
compared with the required 55.5 rev/min.
b) Shunt Transmission (Fig. 3.21)
As previously stated, because of the maximum speed limit 
of unit A, the engine-transmission system cannot be started 
from rest with the engine running at maximum speed. Starting 
with the engine at 1700 rev/min however, enables the system 
to benefit from the peak engine torque available at this 
speed. With unit B operating at maximum pressure, the 
maximum axle torque is 34.2 kNm. T^is remains at this value 
as the axle speed is increased until the maximum engine 
power available at 1700 rev/min is reached. Further increase 
in output power is achieved by increasing the engine speed 
whilst operating along the maximum engine ,torque characteristic. 
Fig. 3.11. Neglecting gear losses, the maximum output torque 
is given by
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Hence, as the engine speed is increased and maximum engine 
torque decreases, the output torque also decreases. This can 
be clearly seen in Fig. 3.21. Maximum engine speed and maximum 
engine power are reached at an axle speed of 55 rev/min.
Operating at maximum engine power, further increase in axle 
speed causes the axle torque to fall. The overall efficiency 
rises rapidly reaching a maximum of 92% at 123 rev/min. The 
swash plate of hydrostatic unit B passes through zero at 
this speed and the characteristic drop in efficiency can be 
clearly seen. Increasing the axle speed to the maximum possible 
in 1st gear causes the efficiency to fall to 75%. Some overlap 
between 1st and 2nd gears is possible as a result of the choice
of rear axle ratios. Second gear enables the axle speed to be
i
extended to the maximum of 588 rev/min. The vehicle duty 
requirements specified in table 3.1 are again adequately fulfilled
c) Hydrostatic Transmission (Fig.3.22)
Consider a pure hydrostatic transmission comprising of 
hydrostatic units with a maximum power capability of H^^. If 
the maximum axle torque is T^^ then the maximum axle speed at 
this condition is
Now, the maximum power capability of the hydrostatic units 
can be expressed as
66
Hence, the ratio of maximum to minimum axle shaft speeds 
under maximum engine power is given by
_ ^HM
A typical value for the transmission efficiency, n-j.» is 
75%. Thus, coupling hydrostatic units rated at 325 kW 
to a 240 kW engine results in a system which is totally 
incapable of meeting the duty specified in table 3.1. This 
can be seen from Fig. 3.22. The maximum axle torque obtained 
is only 5.2 kNm compared with 34.2 kNm and 31.4 kNm for the 
Shunt and Dual Mode transmissions respectively. .
)
d) Comparison of Transmission Systems Operating
at Maximum Engine Power
The output power characteristics of the Dual Mode,
Shunt and hydrostatic transmissions, obtained under maximum 
engine power conditions, are shown in Fig. 3.23. In the 
case of the two hydromechanical transmissions, the planet 
carrier power characteristics have been superimposed. The 
difference between the output power and planet carrier power 
characteristics, shown by the cross-hatched areas in Fig. 3.23, 
can be used as a good indication of the magnitude of the 
power transmitted by the hydrostatic components.
For all axle speeds up to 450 rev/min, the hydraulic power 
transmitted in the shunt transmission is always less than 
that in the Dual Mode, and as a result, substantially higher
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output powers are achieved. This is particularly apparent 
over the 100 to 300 rev/min speed region. Above an axle 
speed of 450 rev/min, however, the shunt transmission hydraulic 
power transfer increases rapidly and as a consequence, the 
output power falls below that obtainable from the Dual Mode 
system. At maximum axle speed the Dual Mode system produces
I
200 kW compared with 180 kW produced by the Shunt system.
The power capability of the pure hydrostatic transmission 
system is poor in comparison with the two hydromechanical 
transmissions over most of the speed range: it is only near 
maximum speed that the output power reaches similar values to 
those obtainable from the hydromechanical systems. ^
} ■
3.6.3 Constant Power Load
Fig. 3.24 shows the performance of the two hydromechanical 
transmission systems driving a constant power load of 
120 kW. The performance at maximum engine power also shown 
for comparison purposes. In both cases, the overall transmission 
efficiency at 120 kW is almost identical to that obtained at 
maximum engine power. Again the Shunt transmission shows an 
improvement over the Dual Mode system over most of the speed 
range. The similarity of the 120 kW characteristics to the 
maximum power characteristics indicates that either of the 
two systems can be successfully derated to operate at output 
powers in the region of half maximum engine power, without 
impairing transmission efficiency. The overall system 
efficiency, however, does show a reduction at 120 kW due to
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the lower engine torques and hence lower engine efficiencies 
Maximum overall efficiency is reduced from 31.5% to 28% in 
the case of the Dual Mode transmission and from 32% to 28.6% 







Maximum road speed 31.3 m/s 
( 70 mile/hr)
Maximum axle speed 588 rev/min
(wheel radius 0.508m)
Maximum axle torque




required at maximum axle 
torque
55.5 rev/min
TABLE 3.1 Heavy Duty Vehicle Specification
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Prime Mover
Perkins V8.640 turbocharged diesel engine 
maximum power 240 kW at 2600 rev/min 













Maximum output shaft speed 6000 rev/min.
Reduction ratio between output shaft and axle 10.2:1
Hydrostatic components - Sundstrand series 25 variable swash
plate axial piston machines; 
maximum power 300 kW at 2400 rev/min 
maximum displacement 2.64 x 10 ^litre/rad 
swash plate fully variable over the 














hydrostatic Unit A to sun
1st gear 6.93 : 1
2nd gear 2.38 : 1
Maximum output shaft speed 1400 rev/min
Hydrostatic components - Sundstrand series 25 units
details as above.
TABLE 3.2 Engine & Transmission Component Values Selected 









t l / t 2
Cl C2
1 0.0050 0.0050 99.0050 99.0050
2 0.0033 0.0066 99.0067 99.0034
3 0.0025 0.0075 99.0074 99.0025
4 0.0020 0.0080 99.0079 99.0020
5 0.0017 0.0085 99.0082 99.0015
i





1 + C2 1 + Cl
In the computer simulations Ci = C; = 0.005 for all gear 
ratios
TABLE 3.3 Effect of Gear Torque Dependent Loss 
Coefficients on Gear Efficiency
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CHAPTER 4 : THE DESIGN OF THE HYDROMECHANICAL TRANSMISSION
FOR VEHICLE APPLICATIONS
4.1 Introduction
The methods described in this Chapter were developed during 
the design of test rigs for the Wolfson Laboratory at the 
University of Bath. The Dual Mode and Shunt transmissions 
described in Chapter 3 are examined using a lossless 
analysis of the transmission components. The design procedures 




A vehicle transmission must be capable of accepting the 
maximum power from the prime mover and translating it into 
a combination of torque and speed with a wide enough range 
to meet the specified duty. This generally means meeting 
two specific conditions,
1) Maximum speed at maximum tractive effort.
2) Maximum vehicle speed.
This is illustrated in Fig. 4.1a, Edghill (Ref. 8) has 
shown that the ratio of these two speeds, /w^ , depends
Ll El
on the vehicle requirements and consequently provides a useful 
criterion on which a design can be based.
The power required to meet condition 1 is given by
^EM ~ '^Li^Li'^’̂T* P^o^Ecing the characteristic shown in Fig. 4.1b,
and a new maximum speed at maximum tractive effort (w_ *).
Thus, the speed ratio on which the design must be based is
101
4.3 Dual Mode Transmission
The design of the Dual Mode transmission is based on the 
assumption that the engine develops maximum power at 
maximum speed. The prime requirement of the design is 
that sychronous clutching occurs on the planet carrier 
shaft at the change mode condition. In order to determine 
the component requirements, the system is analysed in both 




If the full speed range of the transmission is to be 
realised, then hydraulic unit B must be running at its 
maximum speed at change mode. For sychronous clutching 
at maximum power the sun speed and planet carrier speed 
must be identical.
That is, 03 = WpS t
or 03j,^ti/t3 = 03j,gtj+/t5 (1)
(Number subscripts refer to the numbered gears in Fig. 3.1)
Furthermore, for high efficiency, it is desirable that
x^ = Xg = 1.0 at change mode. So, equating hydraulic flow rates
<5a = %
V a  = °b"b m
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As hydraulic unit A is transmitting full engine power 
at this condition, then it should be running at maximum 
speed,
so that = Bb“bM (2 )
and also w^^ti = (0̂ „t2 (3 )
The speed range in hydrostatic mode depends purely on 
the corner horsepower capabilities of the hydrostatic 
units chosen. If the change mode speed is then
the hydrostatic speed range is and the hydraulic
corner horsepower is given by
whence H = ■ ™  —




The maximum output speed, , occui-s when unit B is
operating at maximum negative speed.
Now, o)q = (1 + R)w^ - RWg
Hence, = (1 +R)Wg^ti/t3 + Rw^^^ ti+Ztg
and, if the planet carrier clutching is sychronous
-OX ~ t^/ts
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Thus the hydromechanical speed range is
(5)
and substituting from equation (1)
“ Oo—  = (1 + 2R) (6)
-OX
consequently, the overall transmission speed ratio is
—  = = —  (1 + 2R) (7)
“ Oi ' “o x ' ' “ o i '  ^EM
where
(The vehicle rear axle converts the transmission output 
speed to axle shaft speed)
4.3.3 Torque Cons id erat ions
In hydrostatic mode, x^ = Xg = 1.0 at maximum unit B speed, 
and consequently in hydroniechanical mode Xg = 1.0 throughout 
the speed range. Thus, maximum unit B torque occurs at the 
lowest hydromechanical speed - immediately after change mode,
For the epicyclic gear train
T_ = - R T R s
so that I Tg I = R Tqj  ̂ at change mode
or |Tg| = --- —  . (8)
“ ox
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•Now, maximum unit B torque in hydrostatic mode is
"̂ BM " (9)
If maximum unit B torque is not to be exceeded in 
hydromechanical mode.
^ ^EM ^ ^
-OX -01
Hence, ^OX H
  > R and from equation (4) HM „
Thus, for minimum hydrostatic corner horsepower requirements
^  = R (10)'
^EM
which agrees with the characteristics presented by 
Ross (Ref. 11).
Hence, from equation (7)
-O2/-01 = R (1 + 2R; (11)
or R =
-1 + / i t  ^^02^-Ql (12)
4
4.3.4 Typical Operating Conditions
For a typical speed range of 8:1 the epicyclic gear train 
ratio given by equation (12) is 1.75:1 and from equation (10) 
the hydrostatic units must have a corner horsepower capability 
of 1.75 Hg^.
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Hydrostatic units with a power handling capability of nearly 
twice the maximum engine power would be unacceptable in most 
applications and some method of reducing this power require­
ment is obviously necessary. A simple method of achieving 
this is to lower the maximum torque on hydraulic unit B 
in hydromechanical mode. This can only be achieved by 
reducing engine power, and hence output power, immediately 
after changing mode. The torque on unit B is maintained at 
the new lower value as the output speed is increased beyond 
the change mode speed until full output power is again 
achieved. This produces a step in torque-speed characteristic 
as shown in Fig. 4.2.
As the hydrostatic units must be capable of transmitting 
full engine power in hydrostatic mode, then the new hydraulic 
power requirements must be in the range,
^  « R
^EM
The size of the ’step’ in the torque-speed characteristic 
depends on the duty of the engine-transmission system. If 
the designer specifies an acceptable reduction in output 
power after change mode to a level of
Then |Tg|; ^ ”oX
^OX
and hence, if maximum unit B torque given by equation (9) is not to
be exceeded, ü u H
OX  ̂ EM   $ ---
^OX ^01
lOR
For minimum hydrostatic power requirements
% X  _ ^ % X
“Ol ^EM
—  = ^ —  (1 + 2R)
^01 ^EM
^OX 1where 1 < ---  < —  (14)
^EM ^
The corner horsepower for the hydrostatic units is
«H = K Hqj, (15)
4.3.5 Determination of Gear Ratios and Design
Procedure
For a given output speed range, the epicyclic ratio and 
corner horsepower requirements of the hydrostatic units may 
be determined from equations (13) and (14). The capacities of 
the hydrostatic units may be different, provided equation (2) 
is satisfied. The gear ratio lit/ts may be found by considering 
the change mode condition. If the maximum output s p e e d , i s  
specified, then the change mode speed is given by equation (6)
^Q2
“ox = ^ 7 7 ^
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Now, unit B is operating at maximum speed at this condition 
so that,
and substituting from equation (16) gives
t4/t5 =
Gear ratio tq/tg may now be determined from equation (1) 
together with ti/t2 from equation (3).
The general design procedure is summarised as a flow chart 
in Fig. 4.3.
4.4 Shunt Transmission
Assuming that the engine develops its maximum power at 
maximum speed, then the transmission requirements can be 
examined on the component speed map. Fig. 4.4. Provided the 
maximum torque capabilities of the hydraulic units are not 
exceeded, then the output speed range at maximum power is 
given by the ratio wo2/woi* As the speed of hydraulic unit B 
is directly proportional to the transmission output speed, 
it is possible to determine the gear ratio tg/tg in terms of 
the maximum output speed and the maximum speed of unit B. 
Depending on the relative magnitudes of these speeds, there 
are three possible arrangements;
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a) Maximum output speed limited by the maximum speed 
of unit B, Fig. 4.5a.
b) Unit B speed is less than its maximum at maximum output 
speed, Fig. 4.5b.
c) Unit A and Unit B both at maximum speed at maximum 
output speed. Fig. 4.5c.
Case (a) is rejected as it results in a reduction in the 
potential output speed range compared with cases (b) and 
(c).
Case (b) must be assessed on a torque availability basis.
The maximum torque available from the transmission occurs 
when the maximum torque is being produced by both the engine 
and unit B. As the gear ratio tg/tg is reduced, the torque 
contribution from unit B increases. Maximum torque capability 
occurs in case (c) and thus case (c) provides the optimum 
solution.
On this basis, the gear ratios and hydrostatic unit sizes may 
be determined.
4.4.1 Speed Considerations
Generally, the output speed of the transmission is given
by,
^o " + RWg ti/t2)/(l + R) (18)
(All number subscripts refer to the numbered gears in Fig.3.2). 
At maximum power.
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ti/t2 ) /(I + R) (19)
and
“oi = “b M ts/t6 (20)
Hence, wq2 (1 + R) tg/tg (gl)
^ 01 ti/t2 - t^/tg
Also, (1)03 z (1 + z) 0)q2/2z (22)
Rearranging these equations enables the gear ratios ti/t2 , 
tg/t^, and tg/tg to be found;
From (20) tg/tg = wgz/ , (23)
I ■
From (18) when = 0 and
ü)q 3 =
1 + R
Combining with equation (22) gives
ti/t2= (1 + R)(l + z)wQ2/2zRWg^ (24)
Finally, from equation (18), when and
ü)Q2 = (w^M ti^/tg + R (Dĝ  ti/t2 )/(l + R)
or t^/tg = (- RWg^ ti/t2 + (1 + R)wo2 )/w^M
Substituting from equation (24) gives:
t^/tg = (1 + R) (z - l)(i)Q2 /2zw^^ (25)
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Now, and are determined purely by the hydrostatic
units and engine selected. Consequently, for a given output 
speed range, z, and maximum output speed, the designer
is free to choose - within certain limitations - any epicyclic 
gear train ratio and hence determine compatible gear ratios. 
The limitations on the choice of gear ratios are now examined.
4.4.2 Limitations on the Choice of Gear Ratios
(i) Hydraulic Power at Maximum Output Power
As the efficiency of the transmission depends on the 
proportion of power transmitted hydraulically, then the




^H " 7 ^CM^o
Now, the maximum planet carrier torque, T^^ is given by,
*̂ CM “ *̂ EM
Hence, H^ = H^^ - Tg^wot2 (l + R)/tiR 
which from equation (24) reduces to,
/1 - 2zô)o \
H =
"  ™  V (1 + z)wo2/
At minimum output speed, wg = cooj
and H^ = ( z - 1 ) H^^/(l + z)
(26)
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At maximum output  speed , U)̂  = 
and H ^ =  ( I  -  z ) H g ^ / ( l  + z )
Also, to maintain a high efficiency, it is desirable that  both  units are at 
maximum displacement  at this condit ion.
Hence
(ii) Speed Limitations at Breakaway
In order to provide maximum torque output from the 
transmission at breakaway (zero output speed), it is essential 
not to overspeed unit A. Thus, under zero output speed condi­
tions, with unit A running at its maximum negative speed the 
engine speed must not be less than the speed at which it 
develops maximum torque.
Now, Wgg = t^t^/titgR
Hence,
wAM tgt^/titgR ^ Wgp
Substituting from equations (24) and (25) gives:
>
' l - q  (77)
Where q = Wpp/w^^
(iii) Torque Considerations
a) Torque limitation of hydraulic unit B ,
Unit B produces maximum torque at maximum displacement
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and maximum pressure differential,
That is, Xg = 1.0 and x^ < 1.0
Now , t2ti+/R tqtg
and T, = ^
V b
which gives.
T t2t4/R titg =
1.0 Og
Tj, t^t^Dg
or x^ = - ---------
BM titg RD^
Whence T t2t^D
   < 1.0
Tb m tqtgRD^
In the worst case, when Tg = T^g
1.0
. *̂ BM
Substituting from equations (24) and (25) gives
^EP “eM ^B ~ ^ ^ g
“a m  ■’a  + 1)
Now, Tgj, = DgPw
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Hence ^ ( ) ^EM
\z + 1/ TgM
Where H^^ is the corner horsepower of the hydraulic unit, 
defined as the product of maximum speed and maximum torque.
b) Torque limitation at minimum output speed
At (0^^, the minimum output speed set by the torque 
limitation of unit B must be less than or equal to the minimum 
output set by unit A speed limit. The minimum speed set by 
the torque limit, is derived from the equation describing
the output torque of the transmission:
Tq = Tj, t2 (1 + R)/tiR + Tgtg/ts
^EMNow, at maximum power T^ = ---
^04
Whence to = EM04
+ R )/t lR  + Tgj^tg/ts
tits R“EM^t2te 
(1 + RHs/te t Tg„Rti/t2Tj,^
« “01
(1 + R)t5/te + RtiTg^/Tj,jjt2 1 + R
Which reduces to:
. . . . z + 1
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c) Torque limitation at maximum output speed.
At , the maximum output speed set by the speed 
limit of unit A must be less than or equal to the maximum 
output speed set by the torque limitation of unit B.
Now, using a similar derivation to that used for equation (29)
(0
05
For w ^ w05 02
(1 + R) ts/te - R tqTg^/Tg^ t2
R Rw^Ntl/tz +
( 1 +  R) ts/tg-R tqTg^/Tg^ t2 1 + R
Which reduces to:
Hh h , «EM (30)
z + 1
4.4.3 Practical Consequences of Limiting Constraints
i
For a turbocharged diesel engine, q is typically 0.65. 
Substitution into equation (27) gives:
z > 4.7
As the ratio Tgp/T^^ is typically 1.15, then the constraint 
set by equation (29) always overrides the constraints set by 
equations (28) and (30). In order to keep the corner horsepower 
requirements of the hydraulic units to a minimum the design
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should be based on the limit set by equation (29),
That is:
H - 1) KHM = --------- EM
z + 1
which gives:
The minimum speed range of 4,7:1 is low for most heavy duty
vehicle applications, yet the hydraulic corner horsepower
requirement is over three times the maximum engine power.
In most applications this would be completely unacceptable
from cost, size and weight considerations. This has been
appreciated by Giles (Ref. 40) who proposes a two speed
(or more) gearbox on the output shaft, in order to extend the
range. Only one gear change on a 4.7:1 ratio transmission
produces a speed range capability of up to (4.7)^:1 = 22.1:1.
This means that the basic speed range capability of the
transmission can be considerably reduced, with the resultant
reduction in corner horsepower requirements, whilst producing
a transmission with an acceptable speed range capability.
»
In order to reduce the basic speed ratio of the transmission, 
it is necessary to violate the constraint set by equation (29), 
but not the constraint set by equation (28).
That is, / z - 1\ ^  ^ ^  - 1)
+ 1/ ^EM ^EM z + 1
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This is illustrated in Fig. 4.6.
The transmission speed ratio at maximum output power is no
longer equivalent to z and is now defined by the ratio
0) /w where,02 01+
As the magnitude of the hydraulic power transfer increases 
with z (equation 26) then for high efficiency - low hydraulic 
power transfer - z should be as low as possible. That is, 





This defines the line X - Y on Fig. 4.6. 
In order to satisfy equation (31),
T_n\ w 1 + q
l + q ( 1 + — U  -22- < -------  (34)
^e m / “o, 1 - q
which gives.
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Using the typical values previously mentioned.
and
(0
2.4 ^  ̂ 4.7
w04
0.745 —  3.05
With a 2-speed gear box, this gives an effective speed range 
of between 5,7:1 and 22.1:1, which is adequate for most 
applications.
4.4.4 Choice of Hydraulic Unit Capacities
j
It is possible to mix small and large capacity hydrostatic 
machines of the same maximum power capabilities, but the effects 
on efficiency may only be determined by a full analysis using 
program TRANS (Appendix V). For initial examination of 
performance, unit A and unit B should be selected with 
identical capacities.
4.4.5 Design Procedure
From the preceding analysis it is possible to devise a.design 
scheme for a shunt transmission. This is summarised in the form 
of a flow chart in Fig. 4.7.
4.5 The Use of the Design Charts
The following examples, which demonstrate the use of the flow
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charts (Figs. 4,3 and 4.7), describe the determination of the 
component values which were used in the simulations in Chapter 3
4.5.1 Vehicle Requirements
The vehicle specifications have been outlined in Chapter 3,
Table 3.1. Assuming the transmission efficiency at maximum 
axle torque and maximum power to be 80%, then the required 
transmission output speed ratio is given by:
^L2 ^b2 0.80 X 588
  = rirp   =   - 8.5
Ü3, * w, 55.5Ll Li
The maximum engine power required is given by:
"EM  ̂ \ kW
' \60/ \ 0 .8oj
= 225 kW
A Perkins V8.640 develops 240 kW at 2600 rev/min and should,
therefore, be more than adequate.
»
4.5.2 Dual Mode Transmission Design 
Referring to Fig. 4.3:-
1. Let H^M
Thus, = 240 kW.
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2, Calculate epicyclic ratio, equation (13).
R = ( - 1 + /I + 8 Ne h ''“oi "OX^/N
= ( - 1 + /I + 8 X 8.5 )/4
= 1.825
say tg = 34, t^ ^ 62.
3. Calculate corner horsepower requirement of hydrostatic units, 
ecuation (15)
"h " "  "ox
)
= 62 X 240/34
= 438 kW.
4. This value for hydrostatic corner horsepower is too high, 
Let = 100 kW.
5, Calculate R from equation (13) 
R = 2.95
say t =24, t„ = 70s ’ R
6. Corner horsepower of hydrostatic units
= 70 X 100/24n
= 292 kW
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7, Corner horsepower is acceptable.
Sundstrand Series 25 Hydrostatic units rated at 300 kW 
should be satisfactory,
8, Let maximum transmission output speed be 3000 rev/min.
9, From equations (1) (3) and (17)
tt/ts = Wog/WgMfl + 2R)
3000
2400 (1 + 2 X 70/24)
= 0,183
say ti+ = 22, tg = 112
This is rather a large ratio. Therefore, redefine maximum 
transmission output speed.
10. Let (JÜ = 6000 rev/min. ©2
Hence, ti+ 6000
tg  2400 (1 + 2 X 70/24)
= 0.366 




t i  2400 X 26
t j  2600 X 72
= 0.333




say tq = 24, t£ = 26 and tg = 72 
All ratios are practical.
4.5.3 Shunt Transmission Design
Referring to Fig. 4.7:-
1. Determine ’q ’ for engine
q = ” 1700/2600
= 0.655
:
2. Minimum value for z, equation (27),
l + q  1.655
^ =   =   = 4.8
1 - q 0.345
3. Speed range required > 4.8




Him =   X 240 = 1610 kW
™  9.5
This is much too high and consequently a gear change 
is required.
4. Let n = 2.
Now speed range - (8.5)^ = 2.92
5. Determine speed limits set by equation (34)
1 + 0.655 ,1 , V  < q.8
890 y
w
2.4 4 < 4.8
% 4
New speed range required is within limits set by equation (34)
6. Corner horsepower of hydrostatic units from equations 
(32) and (33)
2.92 + ÜÏÜ
1 + 4 . 8  240
Therefore, = 300 kW
Sundstrand S-^ries 25 units are suitable
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7. Let maximum planet carrier speed by 1400 rev/min,
Let R = 3.33:1 say t^ = 18, t^ = 60
Gear ratios from equations (23), (24) and (25)
tg/tg = = 1400/2400
say tg = 30, tg = 52
tq/t2 = (1 + R)(l + z)(ü^^/2zRü)gj^
(1 + 3.33)(1 + 4.8)1400
2 X 4.8 X 3.33 x 2600
= 0.425
say tq = 34, t£ = 80
ti+/t3 = (1 + R)(z - 1) w /2zw._02 AM
_ (1 + 3.33)(4.8 - 1)1400
2 X 4.8 X 2400 
t
= 1.0
Therefore, direct connection between unit A and epicyclic 
sun gear is possible.
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CHAPTER 5; THE OPTIMISATION OF EFFICIENCY
5.1 Introduction
An ideal system for transmitting power from an engine to 
the load should provide the torque and speed demanded at the 
load while allowing the engine to run at its best operating 
point. With a mechanical transmission incorporating, say, 
a four-speed gearbox, a load torque and speed demand can 
only be met at four engine torque levels, but with a 
variable ratio transmission, it is possible to vary both the 
engine torque and speed over a wide range.
In this chapter, the mathematical models of the hydrostatic 
and hydromechanical transmission engine systems described 
in Chapters 2 and 3, are employed to determine the conditions 
necessary for optimum engine-transmission system efficiency 
and to study the effects of load and load duty cycle on fuel 
consumption. The control requirements for optimisation of 
efficiency are also investigated.
5.2 Hydrostatic Transmission System
:
It was shown in Chapter 2 that the engine speed has a 
considerable influence on the overall engine-hydrostatic 
transmission system efficiency. Fig. 2.12 indicates that 
for a given load torque and speed there is a unique operating 
condition which minimises the engine fuel flow and consequently 
maximises overall efficiency. To examine this effect in more
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detail, further computer simulations were carried out 
over a wide range of load torques and speeds. Fig. 5.1a 
shows an extension of the simulation described in Chapter 2, 
to cover the full load torque range of the transmission 
system. The output speed is held constant at 1000 rev/min.
It is clear that there is a unique locus defining maximum 
overall efficiency which is a function of load torque. At 
load torque below 20 Nm, minimum fuel consumption is achieved 
by running the engine at its minimum speed of 600 rev/min.
As the load torque is increased above 20 Nm the engine speed 
must also be increased as shown by the line A - B. At 
point B, maximum engine torque is reached and for higher load 
torques, the engine must be operated along its maximum torque 
characteristic. The maximum pressure differential of 200 bar 
is reached at a load torque of 160 Nm (point C). If the 
engine speed is scheduled according to the locus ABC, with 
appropriate changes to the hydrostatic unit displacements being 
made in order to maintain the output speed constant at 
1000 rev/min (Fig. 5.1b), then maximum efficiency will be 
achieved for any load torque.
:
Further computer simulations at other transmission output 
speeds were found to exhibit similar characteristics. In all 
cases, no significant discontinuities or multiple minima were 
found.
Fig. 5.2 shows typical engine speed and pump and motor swash 
plate angle optimum efficiency schedules as a function of load 
torque. It is clear that the output speed also has a significant
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influence on the scheduling requirements. Moreover, engine 
speeds substantially lower than the maximum of 2000 rev/min 
are required for optimum efficiency over a wide range of load 
torques and load speeds.
The schedules are, of course, based on the assumption that 
both the pump and motor are variable capacity units. If a 
fixed capacity motor is employed in the transmission, the engine 
speed schedule must be modified accordingly. Two examples are 
given in Fig. 5.3. Under load conditions which normally demand 
a reduction in motor displacement in order to achieve minimum 
fuel consumption, it is necessary to employ higher engine
speeds at the expense of fuel consumption. This is clearly
) ■demonstrated in the following examples.
5.2.1 The Effects of Optimum Scheduling on Overall
System Efficiency
The performance of the engine-transmission system driving 
two constant power loads was examined in Chapter 2. The 
engine was constrained to run at its maximum speed of 2000 rev/min 
Further results are now described which were carried out with 
the engine speed and hydrostatic unit displacements scheduled 
to give optimum efficiency. The transmission was first 
treated as a variable capacity pump and a fixed capacity motor 
and after this the output speed range was extended by considering 
the motor to be a variable capacity unit.
The efficiencies of the transmission, engine and the engine-
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transmission combination under optimum running conditions 
are shown in Fig. 5.4. The transmission efficiency increases 
sharply as the output speed is increased, rising to a peak 
of 81% at 1200 rev/min for the 15 kW load and at 800 rev/min 
for the 5 kW load. At higher output speeds the efficiency 
falls off quite sharply. The speed range is increased and 
the efficiency at high speeds improved by using a variable 
capacity motor.
As a result of the higher engine torques when driving the 
15 kW load, the engine efficiency is appreciably higher than 
when driving the 5 kW load. This is reflected in the
overall efficiency of the complete engine transmission system,1
higher efficiencies again being obtained at the higher load 
condition.
A comparison of the performance of the optimised system with that 
of the constant engine speed system is made in Fig. 5.5. A 
considerable improvement in overall efficiency is shown 
throughout the complete output speed range.
For the 5 kW load,^the maximum overall efficiency is raised 
from 15% to 24.5%. As the power level is raised the gain 
becomes less significant but at 15 kW it is still appreciable, 
the maximum overall efficiency being raised from 24.5% to 29%.
5.2.2 Variation of Fuel Consumption with Load Duty Cycle
Performance data, presented in the form of system efficiency 
as a function of load torque and'speed, may only be translated
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into terms of actual fuel consumed per hour if the duty 
cycle is specified.
It is difficult to specify a standard duty cycle which might 
be used for the^ assessment of performance; indeed, it is 
hardly appropriate to test and compare diverse applications 
on a standard load schedule. Factual information on typical 
duty conditions is scanty, but there would appear to be some 
important categories into which systems may be grouped.
a) Constant Load Power
Some users claim that in order to obtain the maximum 
return on capital investment, their equipment should be 
operated continuously at full power. In certain applications, 
this utilisation may be approached. Jones (Ref. 41) has 
stated that there are records of crawler hoes working at average 
output powers of 85% of the available power. This type of 
continuous high duty may be approached by other machines in 
the construction industry such as scrapers, graders and 
dozers.
Smith (Ref. 42) has claimed that heavy American long­
distance trucks are normally driven at full throttle.
Typically, 240 kW is required to move the truck on level 
ground at 31 m/s (70 miles/hour), or up a 2.5° incline a x  
12 m/s (27 miles/hour). This full throttle operation is not 
typical of conditions in Europe. Giles (Ref. 43), in his
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studies of heavy duty vehicles operating on main routes, has 
stated that they are driven at an average rating of less than 
50% full power,
b) Constant Load Torque
Many agricultural machines with auxiliary hydraulic systems 
are operated at constant torque, and the power level normally 
used may well be a fraction of the full power available.
Saldeen (Ref. 32) has described various control systems 
based on constant linkage force or constant output torque 
for tractor drivelines. Armbruster and Templeton (Ref. 44),
in a paper on hydraulic systems for harvesting machines,
)
assume constant drawbar force and sensibly constant ouLput 
torque at powers well below the maximum available power.
c) Wide Range Duty Cycle
Many mobile machines operate on a duty cycle which spans 
the full range of load conditions - idling, high torque at 
low speed, high power and high speed operation at low torque. 
Burton (Ref. 45) has described such a duty cycle as 
representative of the hoist for a hydrostatic crane. High 
torques are necessary when lifting large suspended loads and 
as the output speed is increased, more power is demanded from 
the system up to the limit of the maximum available power.
High speed operation at low torques is required to move unloaded 
hooks at near maximum speed.
Other mobile applications with a high proportion of light
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duty are bucket loaders and fork lift trucks.
From the diverse information available, it would appear 
that the majority of applications, particularly in the 
mobile field, do not demand continuous maximum power. If 
a 'constant horsepower control' is fitted, it is usually 
provided as a limit to the operator's demand rather than 
an automatic method of ensuring continuous constant power.
The mean power is normally only a fraction of the maximum 
power available.
An arbitrary duty cycle, typical of the operation of a crane 
on a construction site, has been used in this study. For 
convenience it is assumed that the duty alternates between 
a steady load and a lightly loaded condition, which correspond 
to output powers of 15kW and 5kW respectively. Such a duty 
cycle is shown in Fig. 5.6. In order to cover a wider range 
of duty cycles, the ratio of operating time under load to total 
cycle time (A/B) has been varied. In Fig. 5.7, the fuel con­
sumption per hour has been plotted against this ratio for both
the governed engine system and the optimised system. It has
:
been assumed that the time taken to reach optimum conditions, 
when changing from one loading condition to the other, is short 
in comparison to the time of operation. The saving in fuel when 
using the optimised system is apparent. When working continuously 
at light duty, corresponding to a ratio A/B = 0, the fuel saving 
is 1 Kg/hour or 36%. When working continuously at the loaded 
condition, corresponding to a ratio A/B = 1, the fuel saving 
is 0.87 Kg/hour or 16.5%.
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■5.2.3 Control Systems
In order to achieve the advantages of the optimised system, 
some form of control of the engine speed and the displacements 
of the hydrostatic units is required. Although it is not 
intended to suggest mechanical details of controllers in this 
Thesis, the importance of such devices must not be lightly 
dismissed. The effectiveness of system optimisation rests 
soundly with the ability of the controller and some discussion 
is given below on the principles involved in the design of such 
systems. In all cases, the variable to be controlled by the 
operator is the speed of the load.
i
JOptimal Controllers
The controlling process under consideration can be defined 
as the realisation of .an optimum static operating condition 
for the process, sometimes known as ’optimalising', (Ref. 46). 
This must be distinguished from 'adaptivity’, which is the 
automatic correction for variations in system dynamics.
There are essentially three categories of optimising 
controllers which may be used with the engine-transmission 
system:
a) The scheduled Optimal Controller, where the system 
is scheduled for any arbitrary loading condition.
b) The Scheduled near-optimal Controller, which uses 
some form of approximation of the schedules.
and c) The Self Optimising Controller, the most sophisticated
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of the three, which compensates for detuning and 
operation under non-ideal conditions.
a) The Scheduled Optimal Controller
It has been shown in Fig. 5.2, that optimum efficiency 
is a function of two variables, namely load torque and output 
speed. A suitable controller could well consist of some form 
of cam arranged to schedule the engine speed as a function 
of load torque and demanded output speed. In order to 
schedule the hydrostatic unit displacements, some form of centri­
fugal governor system sensing load speed can be employed. The 
relation between the two swash plate angles is well defined 
and scheduling by means of a cam acting on the swash plate 
servos should be satisfactory. Fig. 5.8 shows the flow diagram 
for the system.
b) The Scheduled Near-optimal Controller
Whilst it may be possible to control an engine according 
to the schedules given in Fig. 5.2, these curves could be 
'smoothed' without,appreciably affecting the fuel consumption 
of the engine.
The hatched area on Fig. 5.9 shows the possible range of 
engine speeds at which the appropriate load torque can be 
obtained, without increasing the engine fuel consumption 
by more than 2% above its minimum. The output speed is held 
constant at 1000 rev/min, and any deviation from the engine speed
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schedule must, of course, be accompanied by an appropriate 
change in pump or motor swash plate angle in order to maintain 
the output speed at this value.
This band of engine speeds is reproduced in the form of 
a schedule in Fig. 5.10, together with operating bands for 
two other output speeds. It is clear that the operating 
bands encompass a wide spread of engine speeds over a large 
part of the load torque range. This was found to be true for 
the full output range of the transmission system.
In the case of the scheduled optimal controller shown 
in Fig. 5.8, the engine speed schedule requires a load torque 
feedback. The use of a torquemeter for load torque sensing 
would be unsatisfactory for most practical applications and 
a more robust alternative is required. Since load torque 
is very nearly proportional to the product of motor differential 
pressure and motor displacement, a sensing device operating from 
the differential pressure modified by the motor displacement, 
would not be difficult to design and would provide near optimal 
control.
An alternative scheme may be devised by scheduling the engine 
speed as a function of output power. A typical schedule is 
shown in Fig. 5.11. This is a near-optimal controller as the 
required engine speed schedule is not a function of the output 
power only, but changes slightly with output speed, as shown.
In order to use this system to its best advantage, a typical 
load duty cycle is required to determine the engine speed
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schedule. For example, a machine operating at relatively 
low output speeds over a large part of its duty cycle would 
require a schedule shown by line A, whereas a machine operating 
for long periods at relatively high output speeds would require 
a schedule shown as line B.
In this type of system the output power could be measured 
directly as a function of the transmission pressure differential 
and flow. A similar system could be based on the measurement 
of engine fuel flow as an indication of the power input to the 
system, A typical engine speed schedule as function of fuel flow 
is shown in Fig. 5.12. Again, this is near-optimal control as 
this schedule also changes slightly with load conditions 
as indicated. In both systems the load speed would be under 
the control of the operator and the pump and motor swash plates 
governed by an output speed sensing device as before.
c) The Self Optimising Controller
In the two preceding controllers, the engine-transmission 
control is based on some form of mathematical model of the 
system. The engine'performance map is based on the testing of 
the engine under laboratory conditions. In practice, the map 
will change due to many factors including,
i) Quality of fuel 
ii) Atmospheric conditions 
iii) Altitude 
iv) Parts wear 
and v) Working temperature
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In a similar manner the performance of the hydrostatic 
transmission will differ from that predicted as a result of 
changes in oil temperature and oil characteristics together 
with changes in loss coefficients with operating conditions 
and wear.
The self optimising controller optimises the system 
efficiency for the instantaneous system conditions and pot 
according to predetermined schedules. Such a system has been 
employed in the experimental work described in Chapter 6.
In all previously mentioned cases, the objective is to 
optimise the overall efficiency of the engine-transmission 
system. It is useful to noint out that similar methods'could 
be employed to optimise performance according to some other 
criterion. For example, it should be possible to devise 
control schemes to minimise engine exhaust emissions, minimise 
noise, maximise acceleration or minimise component wear.
5.3 Hydromechanical Transmission Systems
The principles of scheduling engine speed and hydrostatic 
units displacements for optimum system efficiency also applies, 
in general, to the 240 kW hydromechanical transmission systems 
described in Chapter 3. The technique used to determine the 
optimum efficiency schedules for the pure hydrostatic transmission 
and engine combination was again employed for the two engine- 
hydromechanical transmission systems. Computer simulations 
were carried out for constant load torque and output speed 
conditions over the full engine speed range. The engine speed
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and hydrostatic unit displacements corresponding to minimum 
engine fuel consumption were then determined. This was 
repeated for the two transmission systems over the full load 
torque range. Typical schedules for an axle load torque of 
5 kNra are presented for both hydromechanical systems as 
examples,
5.3.1 Dual Mode.Transmission
In the case of the Dual Mode transmission. Fig. 3.1, the system 
starts in hydrostatic mode and in order to increase vehicle 
speed, the displacement of unit A and the engine speed are 
increased simultaneously according to the schedules shown in 
Fig. 5.13. Overall system efficiency Fig. 5.13a increases 
rapidly up to 25% at an axle speed of 50 rev/min. At this speed, 
unit A is at maximum displacement and hydromechanical mode is 
selected. To improve efficiency, the engine speed is reduced 
from 1100 rev/min to 800 rev/min with a corresponding reduction 
in unit A swash plate angle from 18° to 12°. For a further 
increase in axle speed, unit A displacement is decreased in 
combination with a steady increase in engine speed. At an 
axle speed of 122 rev/min, the zero displacement position of 
unit A is reached. Maximum transmission efficiency is achieved 
at this condition and to gain maximum benefit in terms of overall 
system efficiency, the swash plate of unit A is held at this 
position up to an axle speed of 235 rev/min; the output speed 
is controlled by the engine speed only. At 235 rev/min, a sudden 
change in engine speed from 1880 rev/min to 1640 rev/min together
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with a change in unit A swash plate angle from 0° to - 4° is 
required in order to maintain optimum efficiency. This 
corresponds to efficiency discontinuity described in 
paragraph 3,6,1a of Chapter 3. Further increase to maximum 
axle speed is achieved with a steady change in unit A swash 
angle and engine speed as shown in Figs. 5,13b and 5.13c.
Maximum engine power is reached at an axle speed of 395 rev/min.
This simulation may be compared directly with the constant 
engine speed simulation described in Chapter 3. Fig. 5.14 
shows a comparison of the overall system efficiency charac­
teristics of the optimised system with those obtained from the 
simulation of the constant engine speed system. ,
1
It is clear that scheduling for optimum efficiency produces 
a substantial improvement in efficiency over a wide part of 
the speed range.
5.3.2 Shunt Transmission
The Shunt transmission system. Fig. 3.2, starts in first gear 
and with the vehicle stationary the engine is running at its 
idling speed of 600 rev/min. To increase vehicle speed, the 
engine speed is increased steadily and the swash plates of the 
hydrostatic units are controlled according to the schedules 
shown in Figs. 5.15b and 5.15c. At an axle speed of 73 rev/min, 
second gear is selected. The engine speed is immediately reduced 
from 1100 rev/min to 900 rev/min and then increased.to its 
maximum value of 2600 rev/min at an axle speed of 400 rev/min.
14 5
The appropriate swash plate angles corresponding to these 
conditions are well defined as shown in Figs. 5.15b and 
5.15c. As with the Dual Mode transmission, full advantage 
is taken of the maximum transmission efficiency condition 
at zero unit B swash plate angle. Again a comparison with 
the constant engine speed system. Fig. 5.15, shows a 
considerable increase in overall system efficiency.
5.3.3 Control Techniques
Although the engine speed and hydrostatic unit displacements 
for both hydromechanical systems are clearly more complex 
than those obtained for the pure hydrostatic transmission 
and engine combination, it should still be possible to employ 
optimal control techniques. Even if accurate optimising is 
not available, approximate techniques such as the near optimal 
control methods of paragraph 5.2.3 would give great efficiency 
advantages over a large part of the operating range.
From the full optimising schedules* the overall performance 
of the two transmission systems was determined and the results 
are summarised as performance maps in Figs. 5.17 and 5.18.
The power requirements for the operation of the 40 tonne 
vehicle on a level road and on 1° and 2.5° inclines are 
superimposed on these characteristics to give an indication 
of typical overall efficiencies to be expected from the 
optimised systems.
The Shunt transmission system shows only a slightly higher 
maximum efficiency than that obtained from the Dual Mode
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transmission system, the maximum values being 36% and 
35% respectively. However, the low gear operation of the 
Shunt transmission at low axle speeds shows substantially 
improved system efficiencies compared with those obtained 
in the hydrostatic mode of operation of the Dual Mode 
transmission. At an axle speed of 50 rev/min the maximum 
shunt system overall efficiency is 36% compared with a maximum 
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CHAPTER 6; THE EXPERIMENTAL OPTIMISATION OF EFFICIENCY OF AN 
ENGINE-HYDROSTATIC TRANSMISSION SYSTEM
6.1 Introduction
The computer analyses of the engine-transmission systems,
described in the previous chapter, indicate that considerable
gains in overall system efficiency may be obtained by scheduling
the engine speed and hydraulic unit displacements according
to the load conditions. This chapter describes an extensive
test programme carried out on an engine-hydrostatic transmission
test rig in order to verify the validity of the mathematical
model, and to examine the feasibility of an optimising control
system. To achieve this, an on-line digital computer has been
programmed to control the engine-rransmission combination and
Ito optimise the overall efficiency of the system for given 
load conditions.
6.2 Engine-Hydrostatic Transmission Test Rig
6.2.1 Hydrostatic Transmission
. ■)
This rig was developed to determine the dynamic characteristics 
of a hydrostatic transmission system and its design has been
' I
described in detail by Worton-Griffiths (Ref. 7). The general 
arrangement of the rig is shown in Fig. 6.1 and the physical 
layout in Fig. 6.2.
The variable swash plate axial piston pump and motor units, 
each of maximum capacity 8.4-7 x 10“  ̂ litre/rad, are coupled
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in a closed circuit with steel pipes of 2.5 cm internal 
diameter. These units, manufactured by Dowty , have nine 
axial pistons mounted in a cylinder barrel, each piston 
with a ball mounted swivelling slipper held against the swash 
plate by a centre spring. Flow reversal is possible on both 
units as the swash plates cover the range - 15° to + 15°, 
although due to the load system employed operation is restricted 
to the positive region only. The swash plates are controlled 
by special purpose electro-hydraulic position control servo­
mechanisms operating at p r e s s u r e  of 100 bar. This is obtained 
from a separate laboratory oil supply.
The boost system is unconventional. Most boost systems employed
)
in closed loop hydrostatic transmissions consist of a boost 
pump delivering oil to the transmission return line from a reser­
voir at atmospheric pressure. The system employed in this 
transmission, however, utilises a reservoir pressurised from 
the laboratory air supply. The oil is supplied directly from the 
reservoir into the return line. Ao the casing drains of the pump 
and motor cannot be pressurised, they are connected to a tank 
at atmospheric pressure. A gçar pump, actuated by the level of 
the oil in this tank, returns the oil to the pressurised reservoir, 
System filtration is achieved by means of a 50 litre/min, 10pm 
paper element filter located between the atmospheric tank and the 
inlet of the level actuated pump.
0.2.2 Prime Mover
The pump is driven directly by a 3 cylinder 4 stroke Perkins
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diesel engine identical to that described in Chapter 2.
This unit was originally used to investigate the dynamic 
transfer characteristics of reciprocating engines by 
Bowns (Ref, 47) who replaced the governor supplied by the 
manufacturers with a electro-hydraulic governor. This 
provides a very versatile system and allows the engine speed 
and engine torque-speed droop to be controlled electronically. 
The dynamo, fan, fan belt and radiator were also removed to 
prevent any influence on the engine performance. Cooling 
Water is supplied from a separate laboratory supply.
Electro-hydraulic Governor
\
The electro-hydraulic governor has been described in detail 
by Bowns (Ref, 47). Fig. 6.3 shows a block diagram of the 
system. The engine fuel rack is positioned by a 2.54 cm 
hydraulic actuator, which is controlled by a "Pegasus" 
electro-hydraulic valve. Fuel rack displacement is measured 
by a linear variable differential transformer (L.V.D.T.) in 
combination with a 3 kHz Honeywell oscillator-demodulator unit. 
This also provides the position feedback signal for the control 
system. Engine speed, which is also required as a feedback 
signal is measured by a high quality B.C. tachogenerator 
especially chosen by low signal noise and low field distortion. 
Nominal engine speed is determined by the setting of the 10 turn 
input potentiometer.
As the engine torque-speed droop is controlled by the feedback 
signal from the tachogenerator, a potentiometer in this line
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enables the amount of droop to be conveniently controlled.
As a safety precaution, a switch is provided to enable the 
input signal to be grounded and the engine to be stalled.
6.2.3 Load System
The output from the hydrostatic transmission is connected 
to a variable displacement pump of 6.14 x 10~3 litre/rad, 
which delivers through a needle valve and relief valve. This 
system enables coulomb, viscous and windage loads to be 
simulated. As the pump is unidirectional, operation of 
the transmission under reverse flow conditions is not possible.
a) Coulomb and Viscous Friction Load j
If the needle valve ’A ’, shown in Fig. 6.1, is fully 
open, then the energy input to the system is dissipated 
entirely in the relief valve. This enables a load torque 
characteristic equivalent to a load consisting of coulomb 
friction and viscous friction to bo simulated.
Neglecting slip and compressibility losses, the flow 
delivered by the load pump is directly proportional to its 
speed. Also, neglecting friction torque losses, the torque 
required to drive the load pump is directly proportional to 
the delivery pressure. Thus, it is possible to map the torque- 
speed characteristics of the load directly from the pressure- 
flow characteristics of the relief valves, as shown in 
Figs. 6.4a and 6,4b. Over a wide range, the torque-speed > 




If the needle valve is used to dissipate the energy, 
then in a similar manner to that described above, the needle 
valve characteristics. Fig. 6.4c, may be mapped to form load 
torque-speed characteristics typical of a windage type load.
Fig. 6.4d.
6.2.4 Instrumentât ion
Extensive electronic instrumentation was already employed on 
the engine-transmission rig for the frequency response testing 
described by Bowns and Worton-Griffiths (Refs. 6 and 7).
t
Modifications were mainly required to make the input and output 
signals compatible with the on-line computer requirements. The 
fail safe aspects of the system under computer control were also 
considered.
As previously described, electro-hydraulic control systems 
are employed to position the pump and motor swash plates. The 
electro-hydraulic valves are driven by Fenlow differential' 
amplifiers in the arrangement'shown in Fig. 6.5. The feedback 
signal is obtained in both cases from a L.V.D.T. attached to 
the actuator shaft. A 3kHz Honeywell oscillator-demodulator 
is used to drive the L.V.D.T. and also provides an output for 
position measurement purposes. The input signal to the control 
system is obtained from a 10-turn potentiometer connected to 
a separate 15 volt Fenlow power supply, as shown in the 
diagram. Input sockets for external signals are also available.
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For computer control purposes the control system had to be 
modified to enable analogue signals, derived from the on-line 
computer, to control the swash plates. This simply involved 
the introduction of a ganged switch in order to disconnect 
the inputs from the potentiometers. From safety considerations, 
a bias input voltage was arranged to set the swash plates to 
sensible non-zero angular positions in the absence of any input 
signal.
Both engine speed and transmission output speed are measured 
by means of high quality tachogenerators. The tachogenerator 
employed in the engine governor control system, previously
described, conveniently doubles as the speed measurement
)
transducer. Considerable attentuation of the output voltage 
was required on both transducers for compatibility with the 
on-line computer. An additional method for measuring engine 
speed is also available. An electromagnetic pulse pick-up is 
mounted on the engine casing; the actuating medium consists of 
a bar* attached to the engine flywheel, arranged to pass the 
pick-up once every engine revolution. The pick-up, in combin­
ation with a frequency counter, may be employed for engine speed 
measurement, but was also found to be a useful aid in the 
acquisition of data by the computer, as described in paragraph 5.5.2,
Three inductive pressure transducers, each driven by oscillator- 
demodulator units, are fitted to the transmission pipes, midway 
between the pump and motor. These transducers enable supply 
pressure, boost pressure and line differential pressure to be 
measured. Bourdon pressure gauges are also employed for the
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measurement of supply and boost pressures.
Input and output torques are measured by means of strain 
gauge torque transducers. The strain gauge bridge network 
is supplied through sliprings, from a 15 volt Solartron power 
supply. The output from the bridge is amplified by a factor 
of 25 by integrated circuit amplifiers, as shown in Fig.6.6.
All the electrical signals are routed to a two pole switch 
to enable each signal to be switched, in turn, to a digital 
voltmeter (D.V.M.). Ultra violet galvanometer recording of 
several signals is also possible. The complete instrumentation 
for the test rig is mounted outside the transmission rig test 
cell and a diagrammatic layout is shown in Fig. 6.7.
6.3 The Role of the On-line Digital Computer
On-line digital computers are used to acquire data from, and 
occasionally to control, a process. For data acquisition 
purposes, the on-line computer accepts signals directly from 
a process and converts them into a form suitable for computer 
processing. In control applications, the output from the 
computer is applied directly to the process (closed loop control ) 
or through an intermediary (open loop control). In the open loop 
mode of operation, the intermediary can interpret the computer 
output and make appropriate decisions as to the control of the 
process. In a closed loop, the computer has the ability to issue 
signals in a form directly compatible with the process control 
systems.
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6.3.1 Steady State Optimisation and Control by.Computer
The objective of optimisation is to take into account all 
significant interactions and apply a control action which 
results in optimum performance. In the case of the engine- 
hydrostatic transmission system under consideration, the aim 
is to optimise overall efficiency. The optimisation procedure 
in general, may be effected either with or without a mathe­
matical model. Without a mathematical model, a continual 
experimentation on the process is required.to arrive 
empirically at the optimum operating point. The method 
employed usually involves the changes of control variables
by small discrete amounts according to a certain pattern and
)
examining the effect on performance. The time interval between 
these changes must be of sufficient duration to enable the 
transients to die out and steady state conditions to be achieved. 
This method is practical when the number of variables to be 
controlled is small and the dynamic response of the process is 
relatively rapid. In more complex cases, optimisation based 
on a mathematical model offers more potential.
6.3.2 Limitations of Steady State Optimisation
Optimisation is difficult to accomplish as external disturbances 
continually upset the operation of the system. The external 
disturbances occurring in the engine-hydrostatic transmission 
system are considered to be load torque and demanded load speed.
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a) Disturbance Frequency
The method of optimisation previously described assumes 
that the frequency of external disturbances on the process 
are relatively low compared to the time taken for optimis­
ation. If this is not the case, more sophisticated methods 
involving dynamic optimisation techniques are required (Ref. 48).
b) Constraints
Constraints appear in the optimisation process either for 
reasons of safety or as a result of physical limitations of 
the equipment employed in the process. The effect of constraints 
is to define a bounded space which represents the permitted 
region of operation for the system. A 'hard' constraint is 
defined as a limitation which may not be exceeded under any 
circumstances; a feoft' constraint may be exceeded during the 
optimisation process, provided the excursion is relatively 
brief and the final operating state is within the bounded 
space. The effect of a constraint on optimisation is shown 
diagrammatically in Fig. 6.8. The performance of a hypothetical 
system is shown as a function of two independent variables A 
and B. For unconstrained optimisation, optimum efficiency is 
defined by co-ordinates Bq, A%. If, however, operation is 
limited by the constraint defined by the line X - Y, then the 
optimum efficiency is achieved at co-ordinates B2 , A'2 .
6.4 Computer Facilities
The School of Engineering at Bath has a Digital Equipment
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Corporation (DEC) PDP8/E digital computer with facilities 
for on-line data acquisition and control. Full details of 
the computer and peripheral devices are given in table 5.1,
The unit is centrally located in the building with links to all 
major laboratories. A DEC writer is used as a local console 
for creating, editing and composing computer programs and 
also doubles as a fast writer. For remote operation of the 
computerj in any of the various laboratories, a portable 
console is available. Storage facilities consist of magnetic 
tapes, one for each user of the machine, on which all programs 
are stored in the form of files.
6.4.1 Data Acquisition and Control '
I
For data acquisition purposes, sixteen analogue to digital 
(A/D) converters are available. These devices convert analogue 
signals in the range - 1 to + 1 volt into digital signals 
compatible with the computer processors internal language.
For control, six digital to analogue (D/A) converters are 
available, each capable of producing signals in the 
range - 10 to + 10 volts.
6.4.2 Programming for On-line Operation
There are essentially two types of programming languages: 
compiler and assembler. Compiler languages are problem 
oriented and hence relatively simple to use but invariably 
put strong constraints on storage utilisation and reduce 
computational speed. Assembler languages require much less 
store and computational speed is only limited by the efficiency
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of the computer rather than the programming system.
In on-line data acquisition and control applications, compiler 
languages normally can only access the A/D and D/A facilities 
relatively slowly. In the computer facility available, however, 
a floating point processor is used for all computational 
operations, leaving the central processor free for input- 
output operations. This enables programs writteii in a compiler 
'language such as Fortran IV to access the A/D and D/A facilities 
at much higher speeds than would otherwise be possible.
For synchronising the computer with external events, a 
programmable crystal clock is cvailable.
6.5 Optimisation of Efficiency of Engine-Transmission System
The computer program and associated subroutines developed 
for the on-line optimisation of efficiency of the engine-
transmission system are written in Fortran IV and are
described in Appendices VII to XI. Three variables are 
controlled by the computer, namely engine speed, pump dis­
placement and motor displacement. Due to the relatively rapid 
response of the system, optimisation is carried out without a 
mathematical model. As the external disturbances to tie 
process, load speed and load torque, are both controlled by 
the engine-transmission rig operator, then the time between 
disturbances may be extended as long as necessary. This 
considerably simplified the problem of programming the computer, 
as load torque and load speed do not need to be continually, 
monitored for changes once optimisation is started. The main
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program is written in an interactive form, allowing the 
rig operator to 'converse’ with computer and in some cases 
to act as an intermediary in the process,
6,5,1 Optimisation Technique Employed
On-line computer optimisation is often employed in the
chemical process -industry and a large number of papers have
been published describing various optimisation techniques.
In particular, the papers by Iscol (Ref, 49), Roberts and
Lyvers (Ref. 50) and .Zellnik et al (Ref. 51) provide a good
summary of the methods that may be employed. As shown in
Chapter 5, a given transmission output speed may be met with
a whole range of engine speeds and pump and motor displacements.
Accepting, for the moment, the premise that optimum efficiency
always occurs with either the pump or motor always set to
maximum displacement, then the performance of the engine-
transmission system is a function of one variable only. This
fact is exploited in the computer program, and to verify the
assumption, a simple check is carried out on completion of the 
/
optimisation. The basic optimisation technique employs an 
iterative process - changing either the pump or motor swash . 
plate by a specified step size and resetting the output speed 
to the required value by changing the engine speed. At each 
step of the iteration the fuel flow is determined and compared 
with the last value obtained. For a decrease in fuel flow, 
the iteration continues the change of displacement in the same 
direction. For an increase in fuel flow the swash plate step 
length is halved and the direction of change is reversed. This
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iterative process continues until the minimum if found.
More information on the algorithm and method employed is 
given in the flow chart in Appendix VI.
6.5.2 Difficulties Experienced in Program Development
a) Data Acquisition
Because of the cyclic nature of the engine, several of the 
signals to be recorded exhibited some form of cyclic fluctuation 
at engine firing frequency. Obviously, ’single-shot’ sampling 
of the signals could not be employed as considerable errors 
would result and consequently some form of filtering was 
necessary. Both active and passive electronic filters were 
considered but the extremely long time constants necessary to 
reduce the cyclic fluctuations to a reasonable level made them 
prohibitive. (Passive R-C filter networks with relatively 
small time constants were employed on all A/D channels, however, 
in order to improve the signal to noise ratio). The alternative 
was some form of numerical filtering in the actual computer 
processing of the signals. This involves averaging a number of 
successive samples of the same signal. In order to synchronise 
the sampling with engine speed it was decided to use the 
electromagnetic pulse pick-up on the engine in conjunction with 
the Schmitt trigger facility on the programmable clock. The 
clock is programmed to run at the particular sampling frequency 
required and the Schmitt trigger is ’enabled’. Upon the receipt 
of a pulse from the electromagnetic pulse pick-up the Schmitt 
trigger initiates the sampling and a second or subsequent pulse 
halts the sampling process. All'the sampled values are stored
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in an array and then summed together and the average 
determined. As the diesel engine has a four stroke cycle, 
it is necessary to sample over 2 or an exact multiple of 2 
complete engine cycles. Full details of the method are given 
in Appendix IX.
b ) Engine Fuel Flow Measurement
The engine fuel flow to be measured varies from 0,54 to
7.0 Kg/hour ; a range of nearly 13:1. Fuel flow transducers
capable of covering this range with linear characteristics
and a rapid response time are small in number and relatively 
expensive, (Ref, 52), As a result of this, the fuel flow 
was not measured directly but obtained from the fuel pump 
characteristics. A series of test runs on the diesel engine 
enabled the fuel flow to be obtained as a function of engine 
speed and fuel rack position. Fig. 6.9. These characteristics 
were stored ̂ as an array and for determination of the fuel flow 
during optimisation of efficiency, engine speed and fuel rack 
position were obtained from the A/D converters and the corres­
ponding fuel flow obtained by interpolation of the fuel pump 
characteristics. Initial optimisation tests carried out with 
this method, however, revealed inconsistencies at low fuel 
conditions. This was traced to small errors in measurement; 
a 2% error in fuel rack position with the engine running at 
600 rev/min and producing a torque 15 Nm, results in an error 
in fuel flow measurement of 8%,
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At this stage in the work, a fuel flow transducer for the 
measurement of engine fuel flow under transient conditions 
was in the process of development at the School of Engineering 
at Bath. Preliminary results of tests on a Perkins T6.354- 
engine using this transducer showed an excellent transient 
response with a steady state accuracy of 2%, With some 
modification, this transducer was considered to be ideal for 
the measurement of fuel flows on the P3/144 engine. The 
device is based on a positive displacement vane pump driven 
by a d.c. electric motor, with a control system arranged to 
maintain a constant head delivery. The layout of the system 
is shown diagrammatically in Fig. 6,10a and a block diagram
of the system is shown in Fig. 6.10b. For a specific flow
}
to the engine, the delivery pressure is determined by the 
input signal to the differential amplifier. An increase in 
fuel required by the engine causes a reduction in delivery 
head; to maintain the delivery pressure, the control system 
increases the speed of the pump. Conversely, for a decrease 
in fuel demanded by the engine, the pump speed is reduced.
A small perturbation analysis of the system produces a second 
order transfer function relating pump speed to engine fuel 
flow. Pump speed is measured by means of a tachogenerator.
As this transducer was developed for use on a 5.6 litre six 
cylinder engine, two modifications were necessary for the 
measurement of the much lower fuel flows associated with 
the ?3 engine.
Firstly, a larger reduction gear was employed between the 
motor and the pump in order to produce an acceptable motor speed
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at the lower fuel flows (and hence lower pump speeds) required. 
Secondly, a leakage path was introduced between the pump intake 
and delivery ports. It was found at low fuel flow conditions 
the control system was responding to pressure fluctuations 
produced by the pump. The leakage flow, controlled by a needle 
valve, was arranged to provide sufficient flow to remove this 
fluctuation. Although this results in a non-linear relationship 
between pump speed and flow, it was found in practice to be 
insignificant over the range of flows required.
It is interesting to note that a fuel flow transducer with 
linear characteristics is only required for the experimental 
work. In practice, a system using this self optimising technique 
could well employ a device with a smooth non-linear characteristic 
It is only necessary to detect a minimum in fuel flow with this 
system, the value of the minimum is of no importance.
The optimisation program, 0PTIM2, was modified to provide a new 
version (version 2) which uses the fuel flow transducer for a 
direct measurement of fuel flow. The buffer amplifier circuit 
shown in Fig. 6.11 was used to condition the tachogenerator 
signal for computer data acquisition purposes.
c) Choice of Swash Plate Step Size and the Determination 
of Minimum Fuel Consumption
There are two factors which influence the choice of the swash 
plate step size. Too small a step size can result in the 
process taking too long to reach a new optimum conditon after 
an external disturbance. Too large a step size can result in
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the system passing too far outside a ’soft’ constraint. In 
practice, a value between 1° and 2° was found to be the best 
compromise.
The criterion used for the determination of the minimum is the 
detection of two consecutive flows with a difference of not 
greater than 2%. The manner in which this criterion is applied 
is closely related to the step size. Consider the characteristic 
shown in Fig. 6.12a. With the small step size shown, the 
minimum is found after 8 iterative steps. The effect of using 
a larger step size is shown in Fig. 6.12b. Although the 
minimum is located at a swash plate angle of 8°, the step by 
step search, applying the above criterion only once leads to 
the assumption that state 3 is the minimum. However, applying 
the criterion twice, and provided there are no abrupt changes 
in the shape of the characteristic, leads the correct minimum, 
as shown in Fig. 6.12c. As the computer analysis described in 
Chapter 5 shows no significantly abrupt changes in the shape of 
the characteristic, this criterion was considered to be acceptable 
for any step size between 1° and 2°.
6.6 Results of On-line Computer Optimisation of Efficiency
A large number of on-line computer optimisation test runs were 
carried out with the computer program over a wide range of load 
conditions. The results are summarised in Table 6.3. In all 
cases, the simple optimisation check confirmed the assumption 
that optimum efficiency always occurs with either the pump or 
the motor at maximum displacement..
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Two examples are presented to illustrate the methods employed.
The arrangement of the system for on-line computer optimisation 
of efficiency is shown in Fig. 6.13. The remote console was 
located in the Fluids laboratory next to the engine-transmission 
test rig, with the matrix patchboard arranged to connect the 
instrumentation to the appropriate computer A/D and D/A 
channels. . All testing was carried out at a transmission oil 
temperature of 50°C. This was achieved by running the rig 
under load for roughly 1 hour prior to any test run. The 
temperature was maintained to within ± 2°C by bleeding oil 
from the closed loop of the transmission to the oil reservoir 
using the needle valve illustrated in Fig. 6.1. ^
!
The engine governor was set to give the minimum engine speed- 
torque droop possible with the system shown in Fig. 6.3. This 
was found by experiment to be 1.5 (rev/min)/Nm.
6.6.1 Unconstrained Optimisation
A listing of the steps involved in operating the system is 
given in Table 6.2. All user responses to computer prompts 
have been underlined so that the user-ccmputer dialogue is 
clearly defined. Initially all the files on the magnetic 
tape were transferred to magnetic disc. This permits very 
rapid execution of the loading of programs into computer core 
and the reading of data from files. The composed computer 
program, stored in a file ’OPTY.LD’, was loaded into core and 
input device 5 was defined as the file ’DATA’. This allowed all 
the instrumentation calibration coefficients stored in the file
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'DATA’ to be read in by the program. At this stage the program 
was running and supplementary information concerning the test 
run was entered under the appropriate headings. In response, 
the computer typed out a series of commands and then waited for 
any character to be typed before continuing operation. This 
allowed the pump and motor swash plates and engine speed to be 
switched over to computer control. The next command allowed 
the required transmission output speed to be selected. A 
tolerance of ± 1 % on required output speed was found to be 
acceptable for all of the tests carried out. Following the 
setting of the required, output speed, the computer prompt 
’COMMAND’ was given. Several responses to this are acceptable 
and are described in detail in Appendix VIII. In the example,
I
the command L (representing a load change) was given. This 
enabled the transmission load to be changed manually, by 
changing the relief valve setting. After altering the load, 
Schmitt trigger 1 was fired to indicate to the computer that 
the load change was completed. This was achieved by switching 
in a voltage derived from the Fenlow power supply. Finally, 
before optimisation commenced, a listing option (LIST ?) was 
given. (An affirmative reply to this prompt - Y for YES - 
produces a step by step listing of the changes occurring during 
the optimisation procedure). Once the reply was given, the 
computer formed a closed loop to carry out the optimisation and the 
system remained in that state until conditions for optimum overall 
efficiency were determined.
The steps taken during the optimisation of efficiency in test 8.5 
are shown graphically in Fig. 6.14. The system started the
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process at state 1. The pump swash plate was set to maximum 
displacement and the motor swash plate to 11.36 degrees. The 
engine was running at 1465 rev/min. A Ig degree decrease in 
motor swash plate angle was made by the computer and was met 
with a corresponding reduction in engine speed to 1275 rev/min.
This produced a reduction in engine fuel consumption. Further 
decreases in motor swash angle were made until an increase in 
fuel consumption was detected, at state 4. This increase indicated 
that the minimum fuel consumption condition was located between 
states 2 and 4, the exact position depending on the shape of the 
fuel flow - motor swash plate angle characteristic. The difference 
in fuel flows between states 3 and 4 is 0.4%. In order to
discover the minimum, the swash plate step size was reduced to
i
half its original value and the direction of change reversed, 
taking the system through state 5 to state 6. This reduced the 
possible position of the minimum to a region between states 4 
and 6. A further reduction in swash plate step size and change 
of direction took the system to state 7. The difference in the fuel 
flows between states 6 and 7 is 1.3% and constitutes the second 
determination of two consecutive fuel flows within 2%. Consequently, 
state 7 was taken to be the condition for minimum fuel consumption. 
Although Fig. 6.14 shows the ‘true’ minimum to be at state 5, 
the difference in the fuel flows at states 5 and 7 is only 
1.7% and as the fuel flow transducer is only accurate to ± 1% 
it would have been impossible to determine the minimum more 
accurately.
Upon determination of the minimum, the optimisation check was 
carried out. As shown in Table 6.2, the check indicates that
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the optimisation carried out with the pump at maximum displacement 
had found the true optimum conditions.
6.6.2 Constrained Optimisation
There are five constraints which constitute the permissible 
limits within which the engine-transmission system must be 
operated. These are maximum engine speed, minimum engine 
speed, maximum engine torque, minimum motor swash angle and 
maximum transmission pressure differential. Operation outside 
these limits is not catastrophic and consequently they are 
considered to be ’soft' constraints. The effect of operation 
in the region of minimum engine speed is shown as an example 
in Fig. 6.15. It is clear that the engine should be run at 
a speed of less than its minimum of 600 rev/min for m in im u m  fuel 
consumption. The optimisation technique employed, however, 
arrives at the optimum condition at state 7 with the engine 
running just above the minimum engine speed constraint.
6.6.3 Time Taken to Reach Optimum Conditions
It is difficult to make generalisations for the time taken by 
the on-line computer program to reach an optimum condition, ■ 
since it is dependent on the initial and final conditions and 
the number of steps taken by the process. As a guide, it was 
found that the time the system remained at each step was roughly 
3 seconds. Since the sampling of the instrumentation signals 
is governed by the engine speed, the time taken in sampling will, 
of course, vary with operating conditions. In the example 
described in paragraph 6.6.1, which took seven steps to reach
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the new optimum condition, the time taken was approximately 
18 seconds excluding the time taken to print the results 
at each step.
6.6.4 Correlation of Results with Computer Model
The operating conditions for optimum efficiency we^e determined 
from the test results summarised in Table 6.3, and arc presented 
as a function of load torque in Figs. 6.16 to 6.24. Due to the 
maximum pressure limitation of the hydrostatic pump used.in the 
loading circuit, the load torque was limited to a maximum of 
120 Nm.
It is hardly appropriate to compare these results directly with 
the results obtained from the computer model since the cn-llne 
computer was programmed to determine the minimum engifie fuel 
consumption to an accuracy of 2%. Consequently, program HYTSP3 
(Appendix I) was employed to determine the operating limits for 
scheduling assuming that the engine fuel consumption could be 
up to 2% above the minimum. These theoretical operating limits, 
are superimposed on the experimental results presented in 
Figs, 6.16 to 6.24. In three cases, the exact theoretical 
schedules are also included.
The experimental results obtained at an output speed of 
200 rev/min are shown in Fig. 6.16. Over the range of load 
torques examined, the engine speed necessary for optimum efficiency 
is on or near the minimum speed constraint of 600 rev/min, and 
is in good agreement with the theoretical schedule, as shown 
in Fig. 6.16a. The measured transmission pressure differential,
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Fig. 6.16b, is higher than that obtained from the model and 
the difference increases slightly with load torque. This 
indicates that both the motor viscous friction and pressure 
dependent friction loss coefficients used in model were slightly 
low.
The higher pressure differentials recorded, results in higher 
slip losses and a correspondingly higher pump swash plate angle 
is necessary in order to maintain the desired output speed, as 
shown in Fig. 6.16c. A simple check, however, shows that the 
errors in motor torque loss coefficients are too small to 
account completely for the difference between the experimental 
and predicted swash plate angles. As an example, consider the 
results obtained in Test 1.7, Table 6.3, The experimental pump 
swash plate angle is 7.06° compared with the predicted value of _ 
5.90°. An allowance can be made for the errors in the motor 
friction loss coefficients by calculating the pump swash plate 
angle required when operating at the measured pressure differential, 
Combining equations (10) and (11) in Chapter 2,
+ (V + 0.5) “pPp
‘'o )
2B }
From the values of Cgp and Cĝ  ̂used in the simulation and the 
value of pressure differential obtained in test 1.7, this 
expression gives = 0.3875, which is equivalent to a pump swash 
plate angle of 5.96°. This clearly indicates that the slip loss
1 8 6
coefficients used in the simulation were also too small. Since 
no flowmeter was incorporated in the transmission test rig to 
measure the transmission oil flow rate, it is impossible to deter­
mine whether the error lies in the pump or motor slip loss coeffi­
cient or indeed in the coefficients for both units.
The high values of experimental pump swash plate angle result in 
higher engine torques compared with the predicted values.
Fig. 6.16c. This is reflected in the hydrostatic transmission 
efficiency. Fig. 6.16d, which reaches a maximum of 71%, at a 
load torque of 27 Nm and then falls rapidly in comparison with 
the predicted curve. It is interesting to note that the values 
of experimental transmission efficiency obtained at the lowest 
two load torques (test 1.1 and 1.2) are considerably higher than 
the predicted values. However, large errors are possible at 
these low load torque values due to the resolution of the 
computer A/D converters. For the instrumentation calibration 
coefficients given in Table 1 of Appendix VII, the 2mV resolution 
is equivalent to a load torque resolution of 0.29 Nm and an 
engine torque resolution of 0.34 Nm. For the low values of load 
torques and engine torques recorded in tests 1.1 and 1.2, the 
resolution can result in the transmission efficiency varying from 
46.2% to 68.2% in test 1.1 and from 53.9% to 76.3% in test 1.2.
The overall engine-transmission system efficiency, shown in 
Fig. 6.16f, is also lower than that predicted. This is partially 
due to the lower hydrostatic transmission efficiency, but if 
this is taken into account, a difference of between 1% and 2% 
still remains. This may be due to changes in the engine perfcr-
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mance characteristics having occurred since the original engine 
performance tests were carried out. The optimisation tests were 
performed about 18 months after the engine performance tests 
and it is quite conceivable that some engine wear had taken 
place during this time.
In this series of tests carried out at an output speed of
200 rev/min, the cyclic fluctuation of the engine speed increased
in amplitude with increasing load torque.
Bowns (Refs. 47 and 53) has reported the difficulties of 
governing at low engine speeds, particularly with low engine 
load damping. In these particular tests, the transmission output 
power was dissipated by the load system relief valve, which 
gives relatively low transmission load damping. The equivalent 
engine load damping is given by:
AT / X  D n n \  ATjp _ I p p vp vm \ m
A,, \ X D / \ r i n  7 A wp \ m m / \ mp mm / wm
This expression indicates that as the load torque was increased, 
with a corresponding increase in both pump and motor mechanical 
efficiency, the engine load damping decreased.
Because of the difficulty in obtaining stable running of the 
engine, transmission load torques in excess of 80 Nm were not 
examined. If similar problems were experienced in a practical 
optimisation system, it would be necessary to increase the minimum 
engine speed constraint to a level where satisfactory running of 
the engine could be obtained over the full load torque range.
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At an output speed of 1000 rev/min. Fig. 5.17, the correlation 
between the experimental and predicted engine speed is again very 
good. The experimental values of engine speed tend to lie on  ̂' 
the upper limit of the predicted range for load torques up to 
75 Nm. Above this value, the engine speed lies almost exactly 
on the predicted schedule.
The engine torque. Fig. 6.17d, tends to lie on the lower, limit 
of the predicted range for load torques up to 75Nm. This 
lower torque limit corresponds to the upper engine speed limit, 
indicating a close agreement between the experimental and the 
predicted values.
!The transmission pressure differential and motor swash plate angle 
also show a close agreement with the predicted values for load 
torques up to 75 Nm. It is interesting to note that the errors 
between the experimental and predicted values of swash plate 
angle found in the 200 rev/min output speed tests are not 
exhibited in this series of tests. This should be expected, 
since the oil flow rate is substantially higher but the pressure 
differential is very nearly the same as that experienced in the 
low output speed tests. Consequently, the slip flow as a propor­
tion of the total flow is very much lower, and small errors in 
the slip loss coefficients have a much smaller effect at higher 
output speeds. Above a load torque of 75 Nm the pressure 
differential and engine torque tend to deviate from the predicted 
curves although the engine speed corresponds almost exactly with 
that predicted. This is most probably due to an increase in the 
leakage clearances at these relatively high pressure differentials.
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An increase in these clearances results in higher slip losses, 
lower motor swash plate angles (in order to maintain the 
demanded output speed) and correspondingly higher pressure 
differentials and engine torques.
The overall transmission efficiency. Fig. 6.17c, shows a good 
degree of correlation up to a load of 75 Nm and then falls due 
to the engine torque being higher than the predicted value.
The overall engine-transmission system efficiency shown in 
Fig. 6.17f, shows the same shape and trend of the predicted 
values but is consistently lower over the full load torque 
range. As with the 200 rev/min output speed test series, this 
is most probably due to changes in engine characteristics' since 
the original engine performance tests were carried out.
For output speeds between 200 rev/min and 1000 rev/min, 
presented in Figs. 6.18 to 6.20, the engine speed is very close 
to that predicted. The degree of correlation between predicted 
and experimental transmission efficiency improves with increasing 
output speed.
At higher output speeds, the engine speed correlation is still 
very good, as shown in Figs. 6.21 to 6.24. There is a considerable 
improvement in the correlation between the experimental and 
predicted overall engine-transmission system efficiency. As an 
example of high output speed operation, consider the resplts 
obtained at an output speed of 1800 rev/min. Fig. 6.24. Whilst 
the engine speed correlation is good, the motor swash plate angle 
is lower than that predicted, over most of the load torque range.
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This means that the slip losses are higher than that predicted 
by the model. With the low motor swash plate angles necessary 
to provide the demanded output speed, the transmission pressure 
differential is relatively high over a large range of load 
torques, as shown in Fig. 6.24b. At these high pressures, 
some increase in the leakage clearances is probable. There is 
also the possibility, at these higher output speeds and engine 
speeds, of centrifugal effects producing a further increase 
in the size of leakage paths.
Both transmission efficiency and overall engine-transmission 
system efficiency are in close agreement with the predicted 
curves over most of the load torque range. Clearly, the engine 
characteristics at these torques and speeds are very similar 
to those used in the model.
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COMPUTER Digital Equipment Corporation
PDP8/E, with a store of 12k, 12 bit words.
Input-Output Equipment
(a) DEC writer (30 character/s, 80 column)
for use as a local console and offline fast printer.
(b) Remote console.
(c) High speed paper tape reader.
(d) Dual magnetic tape (DEC tape) drives.
(e) Storage display monitor.
(f) Magnetic disc drive.
Other Peripheral Equipment
}
(a) Floating point processor.
(b) 16 A/D converter channels, -1 to +1 volt with
2 mV resolution.
(c) 6 D/A converter channels, -10 to +10 volt with
2 yS slew time.
(d) Programmable crystal clock with 3 schmitt triggers
for use as a line clock.
(e) Links to all major laboratories; matrix patchboard
linking of peripheral equipment to instrumentation 
and control channels.
TABLE 6.1 Details of Digital Computer and Peripheral
Equipment
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TABLE 6.2 A Listing of the Steps Involved in a
Typical On-line Computer Optimisation Test
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O P TIMISATION STARTED.
SWP SUM WP F/FLOU
15.000 1 1. 363 1465.920 2. 954 0.974 53. 1 19
15.000 9.863 1277.985 2. 506 0.997 58.623
1 5. 000 8 . 3 6 3 1134.269 2. 323 1.042 67.422
15.000 6*863 991.797 2. 332 le i 30 80. 397
15.000 7.613 1 045. 49 5 2. 245 1.076 72.340
15.000 8.36 3 " 1135.9 09 2. 315 1. 040 66.836
15.000 7.988 1090. 855 2. 284 1. 058 69.683
t'M TM' SVP SVM VP TP
EV/MIN) (NM) ( DEC) '(DEG) CREV/MIN) (NM )
A. 1 AS 36.037 15.000 7. 988 1090.855 69.68 3
F / FLOE' DEL TAP EFF SFC
(KG/HR) (MPA) (%) (KG/Klv’.HR)
2. 28 4 7.855 75.575 0. 38 0
SVP SVM VP F/FLOV
14.000 7. 988 1 180.523 2. 309 1.014 65.383
14.000 6. 488 1017.340 2. 29'0 1.104 7 7.446
14.000 4. 988 856.116 2. 472 1. 244 9 6. 8 68
14.000 5.738 940.046 2. 371 1.170 85.831
14.000 6. 488 1018.711 2. 292, 1.103 7 7.09 8
14.000 7. 238 1109.827 2.318 1.055 7 0.065
14.000 6.863 1064.742 2. 301 1.078 7 3.434
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CHAPTER 7 : THE EFFECT OF AIR IN THE FLUID ON THE OPERATING
CHARACTERISTICS OF A HYDROSTATIC TRANSMISSION
7.1 Introduction
The previous chapters in this Thesis have been concerned with 
the steady state characteristics of engine-hydrostatic 
transmission systems operating under essentially ideal conditions. 
For many years there has been considerable discussion on the 
problems of air in the transmission fluid and its effect on 
both steady state and dynamic performance. This Chapter 
describes an extensive test programme carried out to determine 
to what extent the presence of air in the fluid affects transmission 
performance. The test rig described in Chapter 6 has been 
employed in this study.
7.2 Air Adsorption and Release
It is well know that air can be dissolved in a liquid, and can 
subsequently be released. Henry’s Law states that the mass of 
air that can be dissolved in a liquid is directly proportional 
to the absolute pressure of the mixture. -On subsequent reduction 
of the pressure the air is released as bubbles which may be ' 
eliminated by rising to the surface of the liquid, or alternatively 
they may remain entrained in it.
The time taken for adsorption and release of air bubbles varies 
greatly with the degree of turbulent mixing of the liquid-air 
■ mixture. Smith, Peeler and Bernd (Ref.54) indicate that the time 
for adsorption is considerably longer than the time taken for
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the air to come out of solution. Magorien (Ref.55) states 
that the adsorption process depends on the size of the air 
bubbles formed.
Bubbles remaining in a liquid will tend to rise to a free 
surface and be eliminated, but they can create pockets of air 
in pipe systems or components. The effects of viscosity and 
surface tension are important in this connection, larger bubbles 
rising more rapidly than smaller bubbles, and the rate of rise 
reducing with increase in viscosity. Defoamant additives 
reduce the surface tension of oils and hence promote a rapid 
collapse of foam on oil-air surfaces. They also tend to reduce 
the size of air bubbles formed in an oil. These bubbles will 
rise more slowly and their elimination will be retarded (Ref.56).
7.3 Effect on the Physical Properties of Hydraulic Fluids
The presence of dissolved air in hydraulic fluids slightly 
increases their density but not their volume, and according 
to Hayward (Ref. 57) has no effect on their compressibility 
or viscosity. Entrained air however, certainly increases the 
compressibility of the fluid and also produces a slight increase 
in its viscosity.
Cavitation is an entirely different phenomenon from air release. 
In a cavitating system vapour cavities form in low pressure 
regions, usually round some nucleus which may be a solid particle 
or a small air bubble. These cavities then move to a region of 
high pressure and collapse, with resultant noise and sometimes 
cavitation damage. As, at the low pressures necessary, air is
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released it is probable that air bubbles are always present in 
a cavitating system.
7.4 Hydrostatic Transmission Behaviour
There are three distinct pressure regions in a hydrostatic 
transmission system, the reservoir, the return line and the 
supply line. The actual pressure in the supply and return 
lines is modified by accelerations, velocities and frictional 
losses.
Dissolved and entrained air may be present in all these regions 
and it was required in this work to examine their effects on the 
behaviour of a transmission. To do this two distinct types of 
test were carried out. In one large amounts of air were 
dissolved into the oil in the reservoir, with the test arranged 
so that the release occurred in the return line, high pressure 
line or drains. In the other tests the air was dissolved under 
pressure in the reservoir and then released by the boost system. 
Because of the sensitivity of hydrostatic systems to boost 
conditions and boost pressure levels, two return line'configurations 
were tested and the effects of each are noted. ,
7.5 Hydrostatic Transmission Test Rig
The test rig described in Chapter 6 was employed for the 
experimental work. To enable the effects of air release to be 
measured, it was decided to exaggerate them by dissolving a 
greater amount of air in the hydraulic fluid than would/normally 
be present. This involved dissolving air at pressures vjell
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above normal reservoir pressures, and yet allowing the boost 
pressure of the system to be varied at will. To do this, the 
existing system had to be modified. The system adopted used 
a centrifugal pump arranged to deliver in the reverse sense - 
so that it acted as a step down device for pressure (Ref. 58), 
allowing the pressure in the return line to be considerably 
below that at which the air was dissolved. A needle valve was 
also incorporated, so that the boost pressure level and the
pressure-flow characteristics of the boost system could be
a] -*-ered. This combination enabled the boost pressure to be 
reduced to well below reservoir pressure. The modified system 
is shown in Fig. 7.1.
t
i
Two distinct pressure-flow characteristics were obtainable
with this system using two configurations. These were :-
(i) Centrifugal pump with needle valve fully open.
(ii) Centrifugal pump with needle valve set to produce the 
required boost pressure.
The general shapes of the pressure flow characteristics are •
shown in Fig. 7.2. • -
/
7.6 Test Programme ' *
In order to determine changes in the system characteristics, 
it was necessary to examine the steady state and dynamic respons( 
of the system. The dynamic tests carried out involved the 
measurement of the system response to sinusoidal variations 
and to step changes of the pump swash plate angle about a mean 
position. A solartron digital transfer function analyser was
2 8
used to produce these variations and measure the system response 
The supply and return line pressures, the differential pressure 
between the two lines, motor speed and pump swash plate angle,' 
were recorded on the galvanometer recorder.
The tests were carried out to determine the effects of:
1. Initial dissolved air content of the oil.
2. Mean boost pressure.
3. Entrained air in the reservoir oil.
For each test run, the following conditions were kept constant:
1. Engine speed.
2. Mean supply pressure.
3. Mean boost pressure. ^
1
4. Motor swash plate angle.
5. Mean pump swash plate angle.
6. Tank pressure.
Noise estimates were also made in some tests.
7.7 Measurement of Air Content of Oil
The solubility of gases in lubricating fluids, expressed as
Bunsen and Ostwald coefficients, are given in Ref. 59. Thé 
data presented are based upon equilibrium conditions. However,
the time taken to reach equilibrium is sometimes long and
certainly varies (Ref. 60). Consequently, it was necessary 
to use some for-m of measuring technique to determine the 
quantity of air dissolved in the oil at any time during a 
test run.
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Two suitable instruments, developed at the National Engineering 
Laboratory, have been described by Hayward (Ref. 61). The 
basic technique consists of exposing a sealed sample of oil 
to an evacuated deaeration chamber, and measuring the rise in 
pressure as the dissolved air is released.
Assuming that the vapour pressure of the oil is Jess than
1.3 X 10"^ bar and the expansion of the sample of oil due to
the vacuum is small compared to the deaeration chamber volume, then





Hence, the volume of air at S.T.P. = -----




This technique was considered to be ideally suited to the x '
I
requirements. A suitable deaeration chamber was already 
available and a sample container was constructed from a length 
of 2.5 cm Ermeto pipe terminated at each end with suitable valves. 
This equipment is shown in Fig. 7.3 and a diagrammatic layout is 
given in Fig. 7.4, Full details are given in Table 7.1.
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7.8 Test Procedure
Two sets of tests were carried out, one in which air was 
adsorbed into the oil in the reservoir, and then allowed to 
release during the test run and the other, where air was entrained 
in the oil in the reservoir, and then allowed to pass through 
the system.
In the first series of tests (called air release tests) the 
reservoir was initially pressurised to 6./. bar, for a period of 
several days before commencement of the test, during which time 
up to 32% air (by volume) was adsorbed into the oil. The trans­
mission was then started up and its dynamic and static behaviour 
noted at intervals throughout the test. Samples of fluid vjcre 
taken and its air content measured at frequent intervals during 
the test.
In the second series (called entrained air tests) the tank 
pressurisation was carried out as before, but immediately before 
testing the pressure was released al]owing the air to form 
. bubbles in the tank. It was impossible to measure the air content 
accurately during this test but the speed variation of the 
hydraulic motor gave a clear indication of the percentage of air 
in the oil passing through the pump at any instant. Table 7.2 
shows a summary of the tests carried out.
It was intended to perform the test runs at a constant transmission 
oil temperature of 50°C, after a warm-up period of approximately 
3 hours. The results of initial tests, however, indicated that .
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the air dissolved in the oil had been completely released.
All subsequent tests carried out were made starting the system 
from cold. Ideally, the determination of the dynamic charac­
teristics of the transmission system requires a full spectrum 
frequency response over a range of frequencies from 0.1 to 
12 Hz. The results of tests carried out in this manner, however, 
were very difficult to analyse as it seemed impossible to keep 
all conditions constant save the one or two under consideration. 
Consequently, a much simpler technique was employed. The system 
response was examined for sinusoidal variation of the pump swash 
plate at a series of fixed arbitrary frequencies. The frequencies, 
chosen to straddle the natural frequency, were 3.0, 5.0 and
6.0 Hz. The results, therefore, were very sensitive to physical
)
changes in the system.
7.9 Test Results (Air Release Tests)
Test 1, Table 1, is an example of a test carried out to show 
the effect of air release on the transmission characteristics.
In this test 31.2% of air had been dissolved in the reservoir 
oil and the mean return line pressure was maintained at 5.2 bar. 
Fig. 7.5 shows a comparison of this test with another test (test 2) 
made under identical conditions but with no additional air •
dissolved in the tank.
For test 1. the percentage of air in solution fell gradually, to 
reach equilibrium, after two hours of running.
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The rise in oil temperature during this period is also shown.
The change in output speed and change in overall efficiency 
can be attributed directly to the change in oil viscosity, 
and is therefore, not a function of the amount of air in oil.
Fig. 7.6 shows the dynamic characteristics. It can be seen that 
there was no change in the nature of the step response from the 
beginning to the end of test 1, and that the natural frequency of 
test 1 was the same as that of test 2 - again the presence of air 
did not affect the results. The fall off of natural frequency 
is directly due to the change in bulk modulus with temperature.
It can be seen that in spite of the large amount of air in 
solution there was no effect of either on the static or dynamic 
performance. The liberation of air occurred completely in the 
drains and the auxiliary tank of the system. This was, of course, 
due to the high return line pressure of 5.2 bar - the oil at 
this pressure can contain up to 48% of air in solution.
The low overall transmission efficiency was due to the low
V *
swash plate angles of the pump and motor (4.9° and 7.5°).
Test 3, carried out at larger swash plate angles (12°.and 14.75°) 
gave overall efficiencies of up to 75%. The steady state and 
dynamic responses were again unaltered by the presence of air.
Test 4 was carried out with a reduced boost pressure of 2.4 bar 
absolute. Initially 29.1% of air by volume had been dissolved 
in the oil.
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The equilibrium amount which could be contained in the oil 
at the mean boost pressure was 21.5%. Hence there was the 
possibility that up to 7.6% of the air could come out of 
solution in the return line, affecting both motor speed and 
system dynamic response.
As a comparison test 5 was carried out with the same boost 
pressure but with no additional air dissolved into the oil.
Fig. 7.7 shows the results obtained. It can be seen that in 
test 4 the air came out of solution more quickly than in test 1 
ana reduced to the equilibrium percentage in the return line 
within 40 minutes.
i
During this time the motor speed fluctuated wildly. At the 
start of the test it was 600 rev/min showing that the pump was 
coping with a considerable amount of entrained air. This air 
entt»ainment increased during the first 12 minutes of running 
and the volumetric efficiency fell off greatly. After this a 
recovery took place and within 40 minutes the speed was sensibly 
that of the test without added air. The natural frequency'of * 
the transmission showed a similar pattern being minimum when 
the speed was minimum.
However, this change in natural frequency cannot be directly 
attributed to the effects of the entrained air. Two other 
factors contributing to the stiffness of the system - the 
pressure.fluctuations in the return line and the load torque- 
speed characteristics - must be taken into account.
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7.9.1 Return Line Pressure Fluctuations
It has been shown by Worton-Griffiths (Ref. 7) that pressure 
fluctuations in the return line, due to the boost system 
characteristics, can increase the natural frequency and the 
damping in a hydrostatic transmission system. If air is 
liberated in the return line it is reasonable to assume that it 
will act as an accumulator and reduce these pressure fluctuations 
Furthermore, in the transmission tested some air could be trapped 
in elbows and transducer connections. Fig. 7.8, which would 
accentuate this effect. Any trapped air should, of course, be 
gradually removed by entrainment. Indeed, the unsteady
operating conditions which were experienced during the first
)
40 minutes of test 4 indicate that this did take place. For 
example, several sudden falls in output speed occurred, followed . 
by a subsequent recovery, indicating that a pocket of free air 
had passed through the pump. Fig. 7.9 shows traces of pressure 
and motor speed reproduced from galvanometer recordings during 
one of these events.
» *'
The frequency response tests carried out at frequent intervals 
throughout test 4, enabled the amplitude of the return line 
pressure fluctuations to be measured and the results obtained 
at 5.0 Hz, are presented in Fig. 7.10. The amplitude was very 
low for the first 12 minutes of the test and then began to 
increase, reaching a steady level after 40-50 minutes.
The vector locus techniques described in Ref. 7 were used to 
analyse these results and the reduction in return line pressure
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fluctuations together with the change in load torque-speed 
characteristics as a result of the reduction in motor speed 
were found to account completely for the change in natural 
frequency which had taken place. Thus, if there was any 
entrained air present in the supply line it had no effect on 
natural frequency,
7.9.2 Effect of Presence of Air on Transmission System Noise
It is an observed fact that when air passes through a 
transmission system there is an increase in noise. However, 
noise measurements made with microphones and spectral analysers 
did not show any change in reading due to the large amount of 
background noise and reflection in the test cell. However, 
a recently developed technique described in Ref. 62 was used 
and gave readings which could readily be converted into noise 
levels. This technique employs an accelerometer, attached to 
the pump or motor casings, whose output can be integrated to 
obtain the casing velocity, the changes of which are directly 
proportional to changes in noise level. The amplitude spec.trum 
was measured using conventional noise measuring equipment and the 
dbA rating found for both pump and motor.
Test 6 had an initial volume of air in solution of 15.8% and test 
7 was a control test. This degree of air solution was small and 
less than the equilibrium amount for the return line; but due to 
the depression at the pump inlet air was released in the return 
line. This is shown by the reduction in motor speed. Fig. 7.lid. 
During the time of air release on test 6 the amplitude of the
236
casing velocity rose rapidly to a maximum of 10 dbA for the 
pump and 6 dbA for the motor above that of the control test 7,
Figs. 7.lie and 7,Ilf. These velocity changes have been shown 
in Ref. 62 to be directly related to noise level changes measured 
on the same scale.
Similar tests, Nos. 3 and 9 were also carried out with a
5.2 bar return line pressure and the results are also shown 
on Fig. 7.11. No change in velocity amplitude, and therefore 
noise level was recorded - nor was there any change in steady 
state or dynamic characteristics.
7.10 Entrained Air Tests
i
In these tests the reservoir was pressurised for a considerable 
period, and the air pressure was removed five minutes before 
the start of the test. The air in solution was, therefore, 
released' in the reservoir, at an initially high rate which 
gradually reduced with time. This was similar to what would 
happen in the unpressurised reservoir of an aircraft duripg a 
climb. It also shows what might happen if bubbles had been 
introduced in the tank through poor tank or baffle design.
«
In Fig. 7.12 it can be seen that the motor speed was reduced
to 500 rev/min initially, gradually increasing over 17 minutes
to its steady speed of 660 rev/min. The air entrained in the
transmission oil reduced at the same time from 24% down to
zero. The natural frequency was also low at the beginning of
the test but further investigation showed that again this was
due to a change in the slope of the load torque-speed characteristic
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arising from the reduced output speed of the transmission.
Using the vector loci technique to predict dynamic response, 
it was found that the load change accounted almost completely 
for the alteration in natural frequency. This can be seen 
from Fig. 7.lid, where the calculated value of natural 
frequency took into account the change in load characteristics. 
Other tests, carried out with different amounts of air in 
the system, showed virtually identical characteristics to those 
indicated in Fig. 7.12.
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Sample container volume = 0.105 litre
Deaeration chamber volume + volume of
air line and manometer = 1.9 litre
Vacuum measured with mercury manometer and McLeod vacuum 
gauge.
'Speedivac’ high vacuum pump manufactured by Edwards High 
Vacuum Limited, England.





















1 84.0 5.2 31.2 4.9 7.5
2 84.0 5.2 9.3 4.9 7.5
3 140.0 5.2 20.7 12.0 14.75 •.
4 84.0 2.4 29.1 4.9 7.5
5 84.0 2.4 9.3 4.9 7.5 Air Release 
Tests
6 84.0 2.4 15.8 4.9 7.5
7 84.0 2.4 9.3 4.9 7.5
8 84.0 5.2 22.8 4.9 7.5 ^
9 84.0 5.2 9.3 4.9 7.5
10 84.0 1.0 —- 4.9 7.5 Entrained Air 
Test
Engine Speed 1200 rev/min.
TABLE 7.2 Air Release and Entrainment Tests.
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FIG.7-1 MODIFICATION OF BOOST SYSTEM FOR T H E  INVESTIGATION 




CENTRIFUGAL PUMP AND NEEDLE VALVE
FIG.7.2. PRESSURE-FLOW CHARACTERISTICS OF 
MODIFIED BOOST SYSTEM .
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CHAPTER 8: CONCLUSIONS
A detailed study of the characteristics of engine-hydrostatic 
transmission systems has been carried out.
A digital computer model of an engine-hydrostatic transmission 
system has been successfully developed and used to examine the 
steady state performance of a typical 27 kW system. Simulations 
under a variety of operating conditions have shown that maximum 
transmission efficiency is achieved by operating the system 
with either the pump or motor at maximum displacement. Peak 
transmission efficiency occurs with both units at maximum 
displacement. Both transmission efficiency and overall engine- 
transmission system efficiency are shown to be influenced to a 
large extent by the speed and tor que at the load.
Two types of hydromechanical transmission systems, in combination 
with a 240 kW diesel engine, have been studied. The systems 
examined - a Dual Mode and a Shunt transmission - are' based on 
a fully floating epicyclic gear train. The Shunt transmission 
operates entirely in a hydromechanical mode, but the Dual Mode 
system is designed to operate in both pure hydrostatic and 
hydromechanical modes. A graphical method of examining xhe speed 
relationships between the engine, the hydrostatic components, 
and the load has been developed. Based on a simple lossless 
■ analysis of the hydrostatic units, this technique provides a 
powerful tool for a preliminary study of these systems. To 
enable a more detailed examination of the two hydromechanical 
transmission systems, the digital'computer model of the pure 
hydrostatic transmission was extended to include a model of the
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epicyclic gear train and associated gearing. Simulations under 
maximum power conditions have shown that the two hydromechanical 
systems have substantially higher efficiencies than those 
obtained from a pure hydrostatic transmission system. For 
the constant torque and constant power loads examined,efficiencies 
over 80% are sustained over wide part of the operating range.
The Shunt transmission is shown to have a superior efficiency 
characteristic at low output speeds when compared to the Dual 
Mode transmission under identical load conditions.
It has been found that the Dual Mode transmission has a signi­
ficant discontinuity in its efficiency characteristic when 
changing from the hydrostatic to hydromechanical mode of
1
operation. Smaller discontinuities in efficiency are exhibited 
in both the Shunt and Dual Mode systems when one of the 
hydrostatic units is taken through its zero displacement position.
No experimental work has been carried out to verify the simulations 
of the hydromechanical transmission systems but work is actively 
in progress, at the Wolfson Laboratories at the University of 
Bath, in the building and testing of a system.incorporating a 
V8 turbocharged diesel engine in combination with a Shunt 
transmission.
To provide a designer with a guide to component requirements 
for the Dual Mode and Shunt transmissions, design procedures 
in the form of flow charts have been developed. These have 
been based on a lossless analysis of the components.
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For a practical heavy duty vehicle transmission system, the 
need for a gear change to be incorporated with the basic Shunt 
transmission is clearly demonstrated. The difficulty in 
obtaining a practical Dual Mode vehicle transmission without 
limiting the operation to part maximum power immediately after 
changing to hydromechanical mode is also made apparent.
Computer simulations of the engine-hydrostatic transmission 
system and the two engine-hydromachanical transmission systems 
show that the overall efficiency may be considerably improved 
by arranging for the engine speed to change with load conditions.
The nature of the duty cycle is of prime importance in the 
determination of fuel consumption. If the mean power requirement 
is appreciably less than the maximum power available, consider­
able gains may be achieved by scheduling the engine speed and 
the displacements of the hydrostatic units.
Two types of optimising control schemes have been suggested for 
an engine in combination with a pure hydrostatic transmission.
In each case, the operator selects the required output speed.
In one scheme, pump and motor swash plate angles are controlled 
by the load torque and in the other scheme by a power level.
The schemes could be adapted for use with engine-hydromechanical 
transmission combinations.
The advantages of a self optimising control system are discussed. 
To investigate the feasibility of such a system, an on-line 
digital computer was programmed to optimise the overall efficiency
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of an engine-hydrostatic transmission test rig for any given 
load conditions. This is shown to be a successful method for 
optimisation of efficiency although tie time taken to reach 
a new steady running condition after a change in load conditions 
is rather long for a practical system. A control system operating 
at a much faster rate could be easily developed from this system.
The results of an extensive series of optimisation tests on the 
experimental rig were found to be in close agreement with results 
from the computer model. Small errors in transmission loss 
coefficients used in the computer model were found to be 
relatively insignificant.
The effect on the behaviour of a hydrostatic transmission of 
air released and entrained in the system fluid has been examined 
experimentally by tests which investigated both steady running 
and dynamic response. Air was dissolved in the supply oil at 
pressures up to 6.2 bar absolute, in solutions of up to 32% 
by volume. These conditions and the low boost pressures used- 
are extreme and would not normally be expected to occur in a 
system. These exaggerated conditions did however, make it 
possible to measure the effects which occur.
It was found that if the pressure in the return line was well 
above the saturation pressure then air did not come out of 
solution in the transmission either on static or dynamic tests.
It was released however, at a rapid rate in the pump and motor 
drains, and eliminated from the system in all cases within two 
hours of running.
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If the pressure at any point in the return system was lower 
than the saturation pressure air was released in the return 
line. This caused the pump volumetric efficiency to fall, 
and the motor speed to fall correspondingly. This fall in 
volumetric efficiency was accompanied by an increase in 
transmission noise of up to 10 dbA. In extreme cases large 
quantities of air could pass through the pump ana cause a 
sudden drop, (quickly recovered) in motor speed.
A further series of tests were carried out, in which the 
air was introduced into the transmission oil as bubbles. This 
affected the motor speed, but although the natural frequency 
of the transmission was affected this could be accounted for
j
by the change in the load dynamic characteristics resulting from 
the fall in speed.
However, it can be said that in a transmission with reasonable 
boost pressure, the presence of air would not be real problem 
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APPENDIX I
COMPUTER PROGRAM DOCUMENTATION FOR PROGRAM HYTSP3
Library Classification 
BENG(F) HYTSP3.020.01
Steady State Performance of a Hydrostatic Transmission 
and Diesel Engine Combination
FORTRAN IV . ICL 4.50 5/9/73
No special hardware requirements 
Author K A Edge
\ i
Program Summary ■*
The program simulates the steady state performance of a hydrostatic 
transmission and diesel engine combination driving a given load 
torque-speed characteristic. The analysis of the hydrostatic transmission 
is based upon the treatment of the hydrostatic pump and motor as 
continuous linear elements with flow and torque losses. The pump and 
motor considered are both variable swash plate axial piston machines.
The diesel engine (Perkins P3/144), is represented in the form of 
performance arrays storing fuel flow and fuel rack position as functions 
of torque and speed.
Two types of analysis are available:
1. A full analysis over a range of specified motor displacements, 
engine speeds and transmission output speeds.
2. A semi-optimised analysis with the pump or motor always operating
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at maximum displacement. In this case, the program determines 
the performance of the system over a range of specified engine 
speeds and transmission output speeds.
Input Variables
Card 1 Format 5E 10.3
DP - Maximum pump displacement (litre/rad)
DM - Maximum motor displacement (litre/rad)
SWPMAX - Maximum pump swash plate angle (deg)
SWMMAX - Maximum motor swash plate angle (deg)
VRP - Pump volume ratio -
Ratio of residual volume of cylinder and ports at I.D.C 
and maximum stroke to cylinder displacement at maximum 
stroke.
Card 2 Format 6E 10.3
CSP - Pump slip loss coefficient
CCFP - Pump coulomb friction loss coefficient
CVFP - Pump viscous friction loss coefficient
CSM - Motor slip loss coefficient
CCFM - Motor coulomb friction loss coefficient
CVFM - Motor viscous friction loss coefficient
Card 3 Format 4E10.3
Vise - Absolute oil viscosity at TEMP (cP)
VISCK - Kinematic Oil viscosity at 20°C (cSt)
TEMP - Température of oil (°C)
EM - Empirical viscosity-pressure coefficient
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Card 4 Format 2E 10.3
FLOSS - Pipe friction loss coefficient (bar s^/litre^)
TOL - Tolerance on maximum pump displacement setting (%)
Card 5 Format 7E 10.3
WPMIN - Minimum Engine (pump) speed (rev/min)
WPMAX - Maximum engine (pump) speed (rev/min)
WPSTEP - Engine (pump) speed increment (rev/min)
WMMIN - Minimum motor speed (rev/min)
WMMAX - Maximum motor speed (rev/min)
WMSTEP - Motor speed increment(rev/min)
SWMINC - Motor swash plate angle increment (deg)
Card 6 Format 12, LI
NOSET - Number of sets of data to follow
FULL - Logical variable indicating type of analysis required;
= TRUE, indicates full analysis required, = FALSE indicates 
semi-optimised analysis required.
Cards 7 to NOSET + 6, Format 3E 10.3
FC - Load coulomb friction (Nm) F̂ ^
K - Motor speed coefficient REAL VARIABLE k
EN - Motor speed exponent n
Associated Subroutines
INTRP2 (BENG(F)INTRP2.017.01) which calls INTRPl (BENG(F)INTRP1.016.01) 
HYSTAT (BENB(F)HYSTAT.021.01)
CPUTIM School of Engineering Computer Library Routine. This subroutine
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gives the computer central processing unit execution time.
Output Variables

























Motor (load) torque. (Nm)
Engine (pump) speed (Rev/min)
Swash plate angle (deg)
Motor swash plate angle (deg)
Flow (litre/s)
Engine (pump) torque (Nm)
Pressure differential at motor (bar)
Pressure differential at pump (bar)
Overall hydrostatic transmission efficiency (%)
Fuel rack position (cm)
Fuel flow (Kg/hr)
Overall engine-transmission specific fuel consumption (kg/kW.hr) 
As input data
All variable names conform to standard Fortran IV conventions unless 
otherwise stated.
Limitations
The analysis is limited to load torques and transmission output speeds > 0
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Simulation of System
The system is shown diagrammatically in Fig. 1. 
The load is represented by the equation:
n
T = F + k CO m e  m
This enables various types of loads to be simulated;
1. k = 0, n = 1 Constant torque load
2. F ^ = 0 ,  n = - 1 Constant power load
3. F^ = 0, n = 2 Windage load
4. n = 1 Coulomb + viscous friction load,
Subroutine HYSTAT is used to determine the operating characteristics 
of the transmission for a specified load condition. From the 
calculated engine torque and the specified engine speed, the engine 
fuel flow and fuel rack position are obtained from interpolation 
of the stored engine characteristics.
Two types of analysis are vailable:
1. Full analysis.
The equations describing the performance of transmission are 
solved over a range of motor swash plate angles, engine speeds and 
load torque-speed characteristics. As the hydrostatic units are 
assumed to be variable swash plate axial piston machines, the fraction 
of maximum displacement of the machine, x, is
tan 6X _ -----
tan 0m
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where 0 is the swash plate angle and 0^ is the maximum swash plate 
angle.
A typical set of input data and output is given in tables la and lb.
It should be noted that when the specified motor swash angle results 
in pump swash angle greater than the maximum, an interpolation/ 
extrapolation technique is used to calculate the motor swash angle 
required to given maximum pump displacement. The technique used is 
based on the ’Regula-Falsi’ technique described by Henrici, Ref. (1), 
and the algorithm is shown in the program flow chart. Fig.2.
2. Semi-Optimised Analysis.
The equations describing the transmission system are solved : over 
a range of specified engine speeds and load torque-speed characteristics 
Depending on the operating conditions, either the pump or motor is set 
to its maximum displacement. For operation under maximum pump displace­
ment conditions, the ’Regula-falsi' technique is again used to deter­
mine the appropriate motor displacement. A typical set of input data 
and output is given in tables 2a and 2b.
A listing of the program is given table 3.
REFERENCES
1. Henrici, P.,
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F O R M A T  7 E 1 0 . 3
- M I N I M U M  E N G I N E  ( P U M P )  S P E E D  ( R E V / M I N )
- M A X I M U M  E N G I N E  ( P U M P )  S P E E D  ( R E V / M I N )
- E N G I N E  ( P U M P )  S P E E D  I N C R E M E N T  ( R E V / M I N )
- M I N I M U M  M O T O R  S P E E D  ( R E V / M I N )
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C A R D S  7 T O  7 + N 0 S E T - 1  F O R M A T  3 E 1 0 . 3
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R E A L  V A R I A B L E  + * *
}O U T P U T  I N F O R M A T I O N  -
A L L  D A T A  O N  C A R D S  1 T O  4 ( E X C E P T  V A R I A B L E  E M)
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FF - F U E L  F L O W  ( K G / H R )
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S W M M A X -  M A X I M U M  M O T O R  S W A S H  P L A T E  A N G L E  ( D E G )
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109 C v a r i a b l e  n a m e s  ( E X C L U D I N G  I N P U T / O U T P U T  I N F O R M A T I O N )  -
110 C C 0 N S T 1 -  c o n v e r s i o n  F A C T O R  ; R E V / M I N  T O  R A D / S E C
111 C C O N S T ? -  C O N V E R S I O N  F A C T O R ;  R A D / S E C  TO  R E V / M I N
112 C C 0 N S T 3 -  C O N V E R S I O N .  F A C T O R :  D E G  T O  R A D I A N
113 C F F A R R  - A R R A Y  S T O R I N G  E N G I N E  F U E L  F L O W  D A T A  F O R  E N G I N E  . S P E E D S  F R O M
114 C 6 0 0  T O  2 0 0 0  R E V / M I N  & EN-GINf T O R Q U E S  F R O M  1 0  TO  1 3 0  N M
115 C F F A R R 2 -  A R R A Y  S T O J U N G  E N G I N E  F U E L  F L O W  D A T A  F O R  E N G I N E  S P E E D S  F R O M
116 C 6 0 0  T O  2 0 0 0  R E V / M I N  & E N G I N E  T O R Q U E S  F R O M  10 T O  1 3 0  NM
117 C F R P A R R -  a r r a y  S T O R I N G  E N G I N E  F U E L  R A C K  P O S I T I O N  F O R  E N G I N E  S P E E D S
118 C F R O M  6 0 0  T O  2 0 0 0  R E V / M I N  & E N G I N E  T O R Q U E S  F R O M  10 T O  1 3 0  NM
110 c F R P A R 2 -  A R R A Y  S T O R I N G  E N G I N E  F U E L  R A C K  P O S I T I O N  F O R  E N G I N E  S P E E D S
120 C F R O M  6 0 0  T O  2 0 0 0  R E V / M I N  & E N G I N E  T O R Q U E S  F R O M  1 3 0  T O  1 3 0  N M
121 C I N T  - I T E R A T I O N  C O U N T E R
122 C I N T R  - c o u n t e r
123 C K O U N T  - V A R I A B L E  U S E D  T O  I N D I C A T E  IF A N Y  R E S U L T S  P R I N T E D  O U T
124 C M A X  - V A R I A B L E  U S E D  T O  I N D I C A T E  IF M A X  P U M P  S W A S H  R E A C H E D
125 C PI - M A T H E M A T I C A L  C O N S T A N T
126 C S L  - T E M P O R A R Y  S T O R E
127 C • T A N M M S -  T A N G E N T  O F  M A X I M U M  M O T O R  S W A S H  A N G L E
128 C T A N M P S -  T A N G E N T  O F M A X I M U M  P U M P  S W A S H  A N G L E
129 C T P A R R  - a r r a y  S T O R I N G  E N G I N E  T O R Q U E S  F R O M  1 0  T O  1 3 0  NM
130 C T P A R R 2 -  A R R A Y  S T O R I N G  E N G I N E  T O R Q U E S  F R O M  1 3 0  T O  1 8 0  N M
131 C T P M A X  - M A X I M U M  E N G I N E  ( P U M P )  T O R Q U E  ( NM )
132 C W M R S  - M O T O R  S P E E D  ( R A D / S )
133 C W P A R R  - A R R A Y  S T O R I N G  E N G I N E  S P E E D S  ( R E V / M I N )
134 C W P R S  - e n g i n e  ( P U M P )  S P E E D  ( R A D / S )
135 C X M  - F R A C T l O f j  O F  M A X I M U M  M O T O R  D I S P L A C E M E N T
156 C X P  - F R A C T I O N  OF M A X I M U M  P U M P  D I S P L A C E M E N T
137 C X M O  ) t
133 C X M1  ) T E M P O R A R Y  S T O R E S  U S E D  j
139 C X P O  ) IN C A L C U L A T I O N  O F  X M
140 C X P1  )
141 C _
142 C A S S O C I A T E D  S U B R O U T I N E S  -
143 C I N T R P 2  ( W H I C H  C A L L S  I N T R P l  )
144 C H Y S T A T
145 C C P U T I M
146 C1 4 7 C  * * + * + * * * + +
148 R E A L  K , T P A R R ( 1 3 ) , W P A R R ( 1 5 ) , F F A R R ( 1 3 , 1 5 ) , F R P A R R ( 1 3 , 1 5 )
149 d i m e n s i o n  T P a R R 2 ( 6 ) , F F A R R 2 ( 6 , 1 5 ) , F R P A R 2 ( 6 , 1 5 )
150 C O M M O N  D P , V R P , C S P , C C F P , C V F P , X P , P D i F F P , T P , W P R S , Q ,
151 A D M , V R M , C S M , C C F M , C V F M , X M , P D . I F F M , T M , W M R S ,
152 B P L O S S , T E M P , V I  S C , V I S C K , E M , B O
153 L O G I C A L  F U L L
154 C
155 C d i e s e l  e n g i n e  D A T A  ( P E R K I N S  P 3)
156 C
157 C E N G I N E  ( P U M P )  T O R Q U E ,  N M
158 D A T A  T P A R R / 1 0 . 0 , 2 0 . 0 , 3 0 . 0 , 4 0 . 0 , 5 0 . 0 , 6 0 . 0 , 7 0 . 0 , 8 0 . 0 , 9 0 . 0 , 1 0 0 . 0 ,
159 A 1 1 0 . 0 ,  1 2 0 . 0 ,  1 3 0 . 0 / ,  ‘ '
160 C e n g i n e  ( P U M P )  S P E E D ,  R E V / M I N
161 B W P A R R / 6 0 0 . 0 , 7 0 0 . 0 , 8 0 0 . 0 , 9 0 0 . 0 , 1 0 0 0 . 0 , 1 1 0 0 . 0 , 1 2 0 0 . 0 , 1 3 0 0 . 0 , 1 4 0 0 . 0 ,
162 C 1 5 0 0 . 0 , 1 6 0 0 . 0 , 1 7 0 0 , 0 , 1 3 0 0 . 0 , 1 9 0 0 . 0 , 2 0 0 0 . 0 /
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163 C t N G I N E  F U E L  R A C K  P O S I T I O N ,  C M  ' :
16/, D A T A  F R P A R R /
165 A . 7 8 ,  , R 2 ,  ..555, , S 9 ,  . 9 3 ,  . 9 7 ,  1 .01 ,1 . 0 6 ,  1 . 1 2 ,  1 . 19, 1 . 2 7 , 1 . 3 6 , 1 . 6 5 ,
166 B .8, .8/,, . 8 7 5  , .91 5, . 9 5 0 ,  . 9 9 ,  1 . 0 3 0 ,  1 . 0 7 5 , 1  . 1 3 5 ,  1 . 1 9 ,  1 . 2 6 ,  1 . 3 3  , 1 .41 ,
167 C . 8 1 , . 8 5 , . 8 8 5 , . 9 2 5 , . 9 6 5 , 1 . 0 0 5 , 1 . 0 5 , 1 . 0 9 , 1 . 1 4 , 1 . 1 9 5 , 1 . 2 5 , 1 . 3  2 , 1 . 4 ,
16,5 . D .81 , . 8 5 , . 8 9 , . 9 3 , . 9 7 , 1  . 0 2 , 1  . 0 6 ,  1 .1 0 5 ,  1 . 1 6 , 1  .21 5, 1 . 2 7 5 ,  1 . 3 4 ,  1 .41 5,
169 E ..3, . 8 4 ,  . 8 8 3 ,  . 9 2 7 , . 9 7 ,  1 .01 5, 1 . 0 6 ,  1 .1 1 , 1 . 1 6 ,  1 . 2 2 ,  1 . 2 8 ,  1 . 3 5 , 1  . 4 3  ,
170 F . 7 7 5  , . 8 2 5  , . 8 7 5  , . 9 1  , . 9 5  , . 9 9 ,  1 . 0 4  , 1 . 0 9 5  , 1 . 1 4 , 1 . 1 9, 1 . 2 5 5  , 1 . 3 2 5  , 1 .41 ,
171 G . 7 6 ,  .8, . 3 4 ,  . 3 8 ,  . 9 2 5 , . 9 7 ,  1 .01 5, 1 . 0 6 ,  1 .1 1 , 1 .1 7, 1 . 2 2 ,  1 . 2 8 5 , 1  . 3 7 ,
172 II . 7 2 5 ,  . 7 6 ,  . 7 9 5 ,  . 8 4 5  , .9, . 9 5 ,  . 9 9 ,  1 . 0 3 5  , 1 . 0 9 5 ,  1 . 1 55 , 1 . 2 0 5  , 1 . 2 6 0 ,  1 . 3 4  ,
173 I . 6 9 , . 7 3 5 , . 7 8 , . 8 3 , . 8 8 , . 9 3 , . 9 7 5 , 1 . 0 2 5 , 1 . 0 7 5 , 1 . 1 2 5 , 1 . 1 8 , 1 . 2 4 , 1 . 3 2 ,
174 J . 6 9 , . 7 3 5 , . 7 8 , . 8 3 , . 8 7 5 , . 9 2 , . 9 7 , 1 . 0 2 , 1 . 0 6 , 1 . 1 , 1 . 1 6 , 1 . 2 4 , 1 . 3 3 ,
175 K . 6 9 , . 7 3 5 , . 7 8 ,  . 3 2 5 ,  . 8 7 , , 9 1 5 , . 9 6 ,  1 .01 , 1 . 0 6 , 1  .1 2, 1 . 1 8 ,  1 . 2 7 0 ,  1 . 3 6 ,
176 L . 6 6 ,  .71 , . 7 5 , . 7 9 5  , . 8 4 5 , . 9 , . 9 5 , 1  .01 , 1 . 0 7 5 ,  1 . 1 6 ,  1 . 2 3 5 ,  1 . 3 2 ,  1 . 4 2 ,
177 M . 6 3 , . 6 8 , . 7 2 5 , . 7 7 , . 8 2 , . 8 8 , . 9 4  5 , 1 . 0 2 , 1 . 1 0 5 , 1 . 1 9 5 , 1 . 2 9 , 1 . 3 8 5 , 1 . 4 9 ,
178 H . 6 3 ,  . 6 7 5 , . 7 1  5 , . 7 6 , . 8 2 , . 8 8 5 , . 9 6 ,  1 . 0 4  5,1 . 1 4 ,  1 , 2 3 ,  1 . 3 2 ,  1 . 4 2 5 ,  1 . 5 3  ,
179 ü . 6 2 , . 6 7 , . 7 2 , . 7 7 5 , . 8 4 , . 9 2 , 1 . 0 , 1 . 0 8 , 1 . 1 7 , 1 . 2 5 5 . 1 . 3 5 , 1 . 4 4 5 , 1 . 5 5 /
180 C E N G I N E  F U E L  F L O W ,  C M 3 / S  
151 D A T A  F F A R R /182 A . 2 , . 2 4 , . 2 7 5 , . 3 1 5 , . 3 5  , . 3 9 5 , . 4 3 5  , . 4 9 , . 5 4 , . 5 9 , . 6 5 , . 7 2 , . 8 ,
183 B . 2 2 5 , . 2 7 , . 3 1 , . 3 4 5 , . 3 9 , . 4 3 5 , . 4 8 5 , . 5 4 , . 5 9 5 , . 6 5 , . 7 1 5 , . 7 8 , . 8 6 ,
184 C . 2 6 , . 3 1  5 , . 3 5 , . 3 9 5 , . 4 4 5 , . 4 9 5 , . 5 4 5 , . 6 0 5 , . 6 6 , . 7 2 5 , . 7 9 , . 8 6 ,  . 9 3 ,
► 155 0 . 2 9 5 , . 3 4 5 , . 3 9 5 , . 4 5 , . 5 0 5 , . 5 6 , . 6 1 5 , . 6 8 , . 7 4 , . 8 1 , . 8 7 5 , . 9 5 5 , 1 . 0 2 5 ,
186 E . 3 2 5 , . 3 8 , . 4 3 5 , . 5 , . 5 6 , . 6 2 , . 6 8 , . 7 4 5 , . 8 1 , . 8 8 , . 9 5 5 , 1 . 0 4 , 1 . 1 2 ,
187 F . 3 4 ,  .41 , . 4 6 5 ,  . 5 3 ,  .6, . 6 6 5 ,  . 7 3 ,  .8, . 8 7 5 ,  . 9 5  , 1 . 0 3 5 ,  1 .1.1 5, 1 .2,
188 G . 3 6 , . 4 3 , . 4 9 , . 5 6 , . 6 3 , . 7 0 5 , . 7 8 , . 8 6 , . 9 4 , 1 . 0 2 5 , 1 . 1 1 , 1 . 2 , 1 . 2 8 5 ,
189 II . 3 8 , . 4 5 5  , . 5 2  , . 5 9 5 , . 6 7 , . 7 5 , . 8 4 , . 9 2 ,  1 .01 , 1 .1 0 5 ,  1 .1 9 5 , 1  . 2 9 ,  1 . 3 8 ,
190 I . 4 1 5 ,  . 4 9 , . 5 6 5 ,  . 6 4 5 , , 7 2  5 , . 3 1  , . 9 , . 9 9 ,  1 . 0 8 5 ,  1 . 1 8 5 , 1  . 2 8 ,  1 . 3 8 ,  1 . 4 8  5,
191 J . 4 7 ,  . 5 4 , . 6 3 , . 7 0  5 , . 7 9 , . 8 8 , . 9 7 , 1  . 0 6 ,  1 . 1 6 , 1 . 2 6 5 ,  1 ,3 7 5,  1 . 4 8 ,  1 .6,
192 K . 5 2 , . 6 0 5 , . 6 9 , . 7 7 5 , . 8 6 , . 9 5 5 , 1 . 0 4 5 , 1 . 1 4 , 1 . 2 4 5 , 1 . 3 6 , 1 . 4 7 5 , 1 . 6 2 , 1 . 7 5 ,
193 L . 5 6 , .  6 4 5 , .  7 4 , , 3 3  5 , . 9 3 ,  1 . 0 2 5 ,  1 . 1 2 ,  1 . 2 3 ,  1 . 3 4 ,  1 .4 7, 1 . 5 9 5 ,  1 . 7 3 ,  1 . 8 3 5 ,
194 H . 5 9 , . 6 8 5 , . 7 8 5 , . 8 8 5 , . 9 9 , 1 . 0 9 5 , 1 . 2 0 5 , 1 . 3 2 , 1 . 4 4 5 , 1 . 5 2 5 , 1 . 7 3 , 1 . 8 8 5 ,
195 H 2. 0 5 5  ,196 0 . 6 2 5 , . 7 2 , . 3 3 , . 9 3 , 1  . 0 4 , 1  . 1 6 , 1  . 2 7 5 ,  1 .41 , 1 . 5 4 5 ,  1 .7, 1 . 3 6 ,  2 . 0 2 5 , 2 . 2 ,
197 P . 6 7 , . 7 7 , . 8 6 5 , . 9 7 , 1 . 0 8 5 , 1 . 2 1 , 1 . 3 4 5 , 1 . 4 9 , 1 . 6 5 , 1 . 8 1 5 , 1 . 9 8 5 , 2 . 1 5 ,
198 Q 2 . 3 2 5 /
199 C
200 C E N G I N E  ( P U M P )  T O R Q U E ,  N M
201 D A T A  T P A R R 2 / 1 3 0 . 0 , 1 4 0 . 0 , 1  5 0 . 0 , 1 6 0 . 0 , 1  7 0 . 0 , 1 8 0 . 0 /
202 C ■
203 C E N G I N E  F U E L  F L O W ,  C U 3 / S
204 D A T A  F F A R R 2 /
205 A . 8 , . 8 7 5 , . 9 5 ,  1 . 0 3 , 1  .1 1 , 1 . 1 9 5 ,
206 0 . 8 6 , . 9 4  , 1 . 0 2  , 1 .1 1 , 1 .2, 1 . 2 9 ,
207 C . 9 3 ,  1 .01 5, 1 . 0 9 5 ,  1 . 1 8 ,  1 . 2 8 5 ,  1 . 3 8 5 ,
208 D 1 . 0 2 5  , 1 . 1 1 , 1 .2, 1 . 3 0 5  , 1 .41 , 1 . 5 , . ■
209 E 1 . 1 2 , 1 .21 , 1 . 3 0 5  , 1 . 4 0 5  , 1 . 51 , 1 .61 ,
210 F 1 .2, 1 . 2 9 5 ,  1 . 3 9 ,  1 .5, 1 . 6 0 5 ,  1 .71 ,
211 G 1 . 2 8 5  , 1 , 3 9 ,  1 . 4 9 5 , 1  .6, 1 .71 , 1 . 8 3  ,
212 1 11  . 3 8 ,  1 . 4 9 ,  1 .6, 1 .71 , 1 . 3 3 5  , 1 . 9 6 5 ,
213 I 1 . 4 8 5 ,  1 . 5 9 5 ,  1 .71 5,1 . 8 4 ,  1 . 9 6 5 , 2 . 0 9 ,
214 J 1 .6, 1 . 7 2 5  ,1 . 3 5 , 1  . 9 8 ,  2 . 1 2 , 2 . 2 7 ,
215 K 1 . 7 5 , 1  . 8 9 , 2 . 0 2 5 ,  2 . 1 6 5 ,  2 . 3 1  5 , 2 . 4 8 ,
216 L 1 , 8 3 5 ,  2 . 0 3 5 ,  2. 1 8 5 ,  2 . 3 3 5 ,  2 . 4 9 ,  2 . 6 5 5 ,
TABLE 3. Cont'd.
A 1 . 4 5 , 1 . 5 6 , 1 . 6 6 , 1 . 7 7 5 , 1 . 9 , 2 . 0 2 ,
3 1 .41 ,1 . 5 0 5 , 1 . 6 , 1 . 7 , 1 . 8 1 , 1 . 9 2 ,
C 1 . 4 , 1 4 7 5  , 1 . 5 6 , 1 . 6 6 , 1 , 7 6 , 1 . 8 6 ,
D 1 . 4 1 5 f 1 . 5 , 1 . 5 9 5 , 1 . 6 8 5 , 1 . 7 8 , 1 . 8 8 ,
E 1 . 4 3 , 1 . 5 1 5 , 1 . 6 0 5 , 1 . 7 0 5 , 1 . 8 1 , 1 . 9 1 5
F 1 .41 , 1 . 5 , 1 . 5 9 , 1  . 6 9 ,  1 , 8 0 5  , 1 . 9 2 ,
G 1 . 3 7 , 1 . 4 6 , 1 . 5 6 , 1 . 6 7 , 1 , 7 8 5 , 1 . 9 1 :
H 1 . 3 4 , 1 . 4 3 5 , 1 . 5 4 , 1 . 6 5 , 1 . 7 6 , 1 . 8 8 ,
I 1 . 3 2 , 1 .41 , 1 . 5 1 5 , 1 . 6 3 , 1 . 7 5 , 1 . 8 8 ,
J 1 . 3 3 , 1 . 4 3 5 ,1 , 5 4 , 1  . 6 6 , 1  . 7 8 5 , 1  .91 ,
K 1 . 3 6 , 1 . 4 7 , 1 . 5 9 , 1 . 7 2 , 1 . 3 4 , 1 . 9 7 ,
L 1 . 4 2 , 1 . 5 3 , 1 . 6 4 5 , 1 . 7 7 , 1 . 9 1 , 2 . 0 4 5 ,
M 1 . 4 9 , 1 . 5 9 5 , 1 . 7 1 5 , 1 . 8 5 , 1 . 9 8 5 , 2 . 1 3 ,
N 1 . 5 3 , 1 . 6 5 , 1 . 7 7 , 1 . 8 9 , 2 . 0 2 , 2 . 1 6 ,
0 1 . 5 5 , 1 , 6 7 3 , 1 . 7 9 5 , 1 . 9 2 5 , 2 . 0 6 , 2 . 1 9 /
2 7 G
M 2 . 0 5 5 , 2 . 2 1 , 2 . 3 7 , 2 . 5 3 5 , 2 . 7 1 , 2 . 8 8 ,
218 N 2 . 2 , 2 . 3 7 5 , 2 . 5 5 , 2 . 7 3 , 2 . 9 2 , 3 . 1 2 ,
219 0 2 . 3 2 5 , 2 . 5 3 , 2 . 7 4 , 2 . 9 6 , 3 . 1 8 5 , 3 . 4 2 /
220 C
221 C E N G I N E  F U E L  R A C K  P O S I T I O N ,  CM
















238 C M A X I M U M  E N G I N E  ( P U M P )  T O R Q U E ,  N M
239 D A T A  T P M A X / 1 8 0 . Q /
240 C
241 C '
242 C T R A N S M I S S I O N  D A T A
243 RE A D  (5, 1 0 0 ) D P , P U , S W P M A X , S W M M A X , V R P , C S P , C C F P , C V F P ,  C S M ,  C C F M ,
2 4 4  1 C V F M , V I S C , V I S C K , T E M P , E M
245 1 0 0  F O R M A T ( 5 E 1 0 . 3 / 6 E 1 0 . 3 / 4 E 1 0 . 3 )
246 W R  I t e  (6, 2 0 0 )  DP, DM, S W P M A X ,  S WflMAX, V R P ,  C S P ,  C C F P ,  C V F P ,  C S M , ‘C C F M ,
2 4 7  1 C V F M248 2 0 0  F O R M A K I H I  , ' T R A N S M I S S I O N  C O M P O N E N T  D A T A '  / / /  2 0 X ,
249 A ' M A X I M U M  P U M P  D I S P L A C E M F N T / R A D I  A N •, 7 X , '  = ', 1 P E 1 5 . 3 , 5 X ,
250 B ' L I T R E / R A D '  // ? 0 X ,  ' M A X I M U M  M O T O R  D I S p L A C E M E N T / R A D I  A N ', 6 x ,
251 C '= ' , 1 P E 1 5 . 3 , 5 X , ' L I T R E / R A D '  // 2 0 X ,
252 D ' M A X I M U M  PLIMp S W A S H  P L A T E  A N  G L E ' , 9 X , ' = ' , 1 P E 1 5 - 3 , 5 X , ' D F. G ' / / 2 0 X ,
253 E ' M A X I M U M  M O T O R  S W A S H  P L A T E  A N G L E ' , 8 X , ' = ' , 1 P E 1 5 , 3 , 5 X , ' t? EG  ' / / 1 0 X ,
254 1 ' R A T I O  OF R E S I D U A L  V O L U M E  OF C Y L I N D E R  A N D  P O R T S  A T  I . D . C  T O ' / l O X ,
255 2 ' C Y L I N D E R  D I S P L A C E M E N T  A T M A X I M U M  S T R O K E ' / /  2 0 X ,
256 3 ' F O R  P U M P ' , 3 1 X , '  = M P E 1 3 . 3 / / / '  ' ;
257 F ' P U M P  A N D  M O T O R  L O S S  C O E F F I C I E N T S '  / / /  2 0 X , ' P U M P  S L I P  L O S S ' , 2 5 X ,
258 0' = ’ , 1 P e 1 5 . 3 , / / , 2 0 X , ' P U M P  C O U L O M B  T O R Q U E  L O S  S ' , 1 5 X , ' = ' , 1 PE'I 5 .3 //
259 M 2 0 X , ' P U M P  V I S C O U S  T O R Q U E  L 0 S S ' , 1 5 X , ' = ' , 1 P E 1 5 . 3  // 2 0 X ,
260 I ' M O T O R  S L I P  L O S S ' , 2 4 X , ' = ' , 1 P E 1 5 . 3  // 2 Ü X ,
261 • J ' M O T O R  c o u l o m b  T O R Q U E  L O S  S ' , 1 4 X , ' = ' , 1 pE 1 5 . 3 // 2 0 X ,
262 K ' M O T O R  V I S C O U S  T O R Q U E  L O S S  ' , 1 4X  , ’ = ’ , 1 PF.1 5 .3 )
263 w r i t e  (6, 5 5 0 )  t e m p , V I S C ,  V I S C K
264 5 5 0  F O R M A T ( / / / I H  , ' A D D I T I O N A L  I N F O R M A T I O N  F O R  S T E A D Y  S T A T E  A N A L Y S I S '
265 A / / 2 OX , ' O I L  T E M P E R A T U R E ' , 2 4 X , '  = ' , 1 P E I  5 . 3 , 5 X , ' D E G C ' / / 2 0 X ,
266 B ' A B S O L U T E  V I S C O S I T Y  O F  0 I L ' , 1 4 X , ' = ' , 1 P E 1 5 . 3 , 5 X , ' C P ' / / 2 0 X ,
267 , C ' K I N E M A T I C  V I S C O S I T Y  O F  0 1 L ' 1 3 X  , ' = ' , 1 P E I  5 .3 , 5X , ' C ST  ’ , '
268 O ' A T  2 0  D E G  C ' )
269 R E A D  ( 5 , 1 5 0 )  P L O S S ,  T O L




271 W R I T E ( 6 , 4 5 0 ) P L O S S
2 72  4 5 0  F O K M A T ( / 2 0 X , ' P I P E  L O S S ' , 3 0 X , ' = ' , 1 P E l 5 . 3 , 5 X , ' n A R . S E C 2 / L I T R E 2 ' )
273 r e a d ( 5 , 2 5 0 ) W P M I N , W P M A X , W P S T E P , W M M I N , W M M A X ,W M S T E P , S W M I N C
274 2 5 0  F O R M A T ( 7 E 1 0 . 3 )
2 75  C 
276. C
27 7 C c a l c u l a t e  C O N S T A N T S
2 7 8  P I = 3 . 1 4 1 5 9
2 7 9  C O N S T 1 = 2 . 0 * P I / 6 0 . 0
230 C 0 N S T 2  = 1 . O / C ü N S n
231 C O N S T 3 = 2 . 0 + P I / 3 6 0 . 0
232 B 0 =  ( 1 . 9 6 + 0 , 1 5 * A L U G 1 0 ( V I S C K ) ) * 1 0 . 0 * * ( 0 . 0 0 1 9 + ( 2 0 , 0 ~ T E H P ) ) * 1 . Q E 4
233 1 - 5 . 6 * 6 9 0
234 W R I T E ( 6 , 4 0 0 ) B O , T E M P
285 4 0 0  F O R M A T ( / /'  O I L  B U L K  M O D U L U S  = ' , 1 P E 1 0 . 3 , ‘ B A R  A T ' , 0 P F 5 . 1 , ’ D E G C  ANl
236 1 A T M O S P H E R I C  P R E S S U R E ' )
287 T A N M P S  = SI NCSWPfl AX * C 0 N S T 3 )  / C O S  ( S W P M A X  * C 0 N S T 3 )
288 T A N M M S  = S I N ( S W M M A X * C O N S T 3 ) / C O S ( S W M M A X * C O N S T 3 )
23? C c o n v e r t  p u m p  A N D  M O T O R  D I S P L A C E M E N T S  F R O M  L I T R E / R A D  T O  M 3 / R A D
290 D P = D P * 1 . 0 E - 3
291 D M = D M * 1 . 0 E - 3
292 C C O N V E R T  P I P E  L O S S  F R O M  B A R / ( L I T / S ) 2 . T O  P A / ( M 3 / S ) 2
293 P L O S S = P L O S S * 1 . 0 E 1 1
294 C . C O N V E R T  B U L K  M O D U L U S  F R O M  B A R  T O  PA
295 B 0 = B 0 - 1 , 0 E 5
296 C
297 V R M = 0 . 0
298 R E A D ( 5 , 6 5 0 ) N O S E T , F U L L
299 6 5 0  F 0 R M A T ( I 2 , L 1 )
300 DO  1 7  I N T = 1 , N O S E T  '
301 C ^
302 C r e a d  L O A D  T O R Q U E / S P E E D  C H A R A C T E R I S T I C  ...
303 R E A D ( 5 , 3 0 0 ) F C , K , E N
304 3 0 0  F O R M A T ( 3 E 1 0 , 3 )
305 W R I T F ( 6 , 5 0 0 ) F C , K , E N
306 5 0 0  F O R M A T ( '1 S T E A D Y  S T A T E  C O N D I T I O N S ' / / / I X ,
307 A ' M O t O R  t o r q u e  = ' , 1 P E 1 0 , 3 , '  + ' , 1 P E 1 0 . 3 , '  * W M * *  ' ,1 PE 1 0 . 3 , '  N M ' )
308 W M = W M M I N
309 4 WMP.S = W M * C 0 N S T 1
310 T M = F C + K * W M R S * * E N
311 W R I T E ( 6 , 3 5 0 ) W M , T M
312 3 5 0  F O R M A T ( / / ' O m o t O R  S P E E D ' , 5 X 1 P E 1 0 . 3 , 5 X , ' R P M ' //
313 1' M O T O R  T O R Q U E ' , 4 X , ' = ' , 1 P E 1 0 . 3,.5 X , ' N M '  / / )  •
314 T M  = - T M
315 W P  = W P M I N  ’ '
316 C T Y P E  O F  A N A L Y S I S  R E Q U I R E D ?




321 W R I T E  (6, 7 0 0 )
322 7 00 F O R M A T C  P U M P  P U M P  S W A S H  M O T O R  S W A S H  P U M P  F L O W  P U M P  T O R Q U E * ,
323 A' P R E S S  D I F F  P R E S S  D I F F  O V E R A L L  F U E L  R A C K  c U E L  S F C ' /
324 B' S P E E D  a n g l e  A N G L E ' , 2 7 X , ' A T  P U M P  A T  M O T O R  E F F ' ,
TABLE 3. Cont’d.
278
3 2 5  C  P O S I T I O N  F L O W /
3 2 6  D ’ R P M ' , 6 X , ' D E G ' , 3 X , ' D E G  L I T R E / S E C ' , 5 X , ' N M ' i 9 X , ' B A R ' , 8 X ,
3 2 7  E ' B A R ' , S X , ' % ' , 8 X , ' C M ' , 6 X , ' K G / H R  K G / K W , M R ' )
3 2 R  KOUîiT = 0
3 2 9  1 W P R S = W P * C 0 N S T 1
330. I F ( - T I 1 * W M / W P  , G T . T P M A X )  G 0 T 0 3
331 S W M = S W M M A X  ■ I
3 3 2  X M = 1 .0 I
3 3 3  G O T O  6 0 0 0  . ]
3 3 4  6 0 6 0  W R I l E ( 6 , R O O ) W P , S W P , S W M , Q , T P , P D I F r P , P D l F F M , E F F O V , F R P , F F , S F C  I
3 3 5  8 0 0  F O R M A T ( 1 M  , F 7 . 1 , 1 P 6 E 1 1 , 3 , 0 PF S , 1 , 2 X ,3 F 8 • 3 )  • i
3 3 6  K0Ut)T = 1
3 3 7  3 W P = W P + W P S T E P  -
3 3 8  I F ( W P - W P M A X ) 1 , 1 , Z
3 3 9  C A N V  r e s u l t s  W R I T T E N  T O  L I N E  P R I N T E R  ( K 0 U N T = 1 )  7
3 4 0  2 I F ( K O U N T . G T . O ) G O T O  5
341 W R I T E ( 6 , 6 0 0 )
3 42  6 0 0  F 0 R M A T ( 1 H  , 2 5 X , ' M A X I M U M  P R E S S U R E  D I F F E R E N C E  O R  M A X I M U M  E N G I N E
343 ' • A ' T O R Q U E  E X C E E D E D ' )
344 G O T O  5
345 C
3 4 6  C
347 C
348 C
349 3 0 0 0  W R I T E ( 6 , 6 0 1 ) W P
350 6 0 1  F C ) R M A T ( / /  ' P U M P  S P E E D  * , 5 X  , ' = ' , 1 P E l  5 .3 , 5 X , ' R p M  ’ )
351 I F ( - T M * W M / W P  , G T . T P M A X ) G 0 T 0 7
352 W P R S = W P * C 0 N S T 1
353 W R I T E ( 6 , 7 0 1 )  ,
354 7 0 1  F O R M A T C /  ,
355 A' M O T O R  S W A S H  P U M P  S W A S H  P U M P  F L O W  P U M P  P R E S S  D I F F ' ,
356 B' P R E S S  D I F F  O V E R A L L  F U E L  R A C K  F U E L  S F C ' /
357 C  p l a t e  a n g l e  P L A T E  A N G L E ' , 1 4 X , ' T O R Q U E  A T  P U M P  AT M O T O R ' ,
358 D' E F F  P O S I T I O N  F L O W ’ /
359 E' D E G ' ,1 O x , ' D E C ' , 6 X , ' L I T R E / S E C  N M ' , 9 x , ' B A R ' , 8 x , ’ B A R • , 8 x  ,
360 F ' % ' , 9 X , ' C M ' , 6 X , ' K G / H R  K G / K W . H R ' )
361 K O U N T = 0
36? C S T E P  M O T O R  S W A S H  IN I N C R E M E N T S  & D E T E R M I N E  T R A N S M I S S I O N  P E R F O R M A N C E  
363 S W M = 4 . 0
3 6 4 M A X — 0
365 3 0 1 0  X M = S I N ( S W M * C 0 N S T 3 ) / ( C 0 S ( S W M * C 0 N $ T 3 ) * T A N M M S )
366 6 0 0 0  C A L L  H Y S T A T
367 I F ( X P . L E . 1 w O ) G O T O  6 0 1 0
368 G O T O  6 0 2 0
369 6 0 1 0  I F ( A B S ( P D I F F P ) , G T . 6 . 8 E 7  . O R .  T P . G T . T P M A X ) G O T O  6 0 3 0  * |
370 I F ( S W M . L T . 4 . 0 ) G O T O  3 |
371 C IF e n g i n e  ( P U M P )  t o r q u e  > 1 3 0  N M,  O B T A I N  F U E L  F L O W  A N D  F U E L  R A C K  I
372 C P O S I T I O N  B Y  I N T E R P O L A T I O N  O F  A R R A Y S  F F A R R 2  A N D  F R P A R 2  i
373 ' I F ( T P . G T . 1 3 0 . 0 ) G O T O  3 0 2 0
374 C
375 C O B T A I N  F U e L F L O W  A N D  F U [ L  R A C K  P O S I T I O N  BY I N T E R P O L A T I O N  OF
376 C a r r a y s  F F A R R  A N D  F R P A R R
377 C A L L  I N T R P 2 ( T P , W P , F F , T P A R R , W P A R R , F F A R R , 1 3 , 1 5 , 1 3 , 1 5 )
378 C A L L  I N T R P 2 ( t P , W P , F R P , T P A R R , W P A R R , F R P A R R , 1 3 , 1 5 , 1 3 , 1 5 )
TABLE 3. Cont’d.
2 7 9
3 7 9  ' G O T O  3 0 5 0
3 8 0  3 0 2 0  C A L L  I N T R P 2 ( T P , W P , F F , T P A R R 2 , W P A R R , F F A R R 2 , 6 , 1 5 r6 , 1 5 )
381 C A L L  I N T R P 2 ( T P , W P , F R P , T P A R R 2 , W P A R R , F R P A R 2 , 6 , 1 5 , 6 , 1 5 )
3 8 2  C
3 83  C C O N V E R T  F U E L  F L O W  C M 3 / S  T O  K G / M R
3 8 4  3 0 5 0  F F = F F * 3 . 0 4 2
3 8 5  C C A L C U L A T E  S P E C I F I C  F U E L  C O N S U M P T I O N  IN K G / K W . H R  
3 5 6  S r C = - F F * 1 , 0 E 3 / ( W U R S * T M )
3 8 7  E F F u V = - W M R S * T M / ( W P R S * T P ) * 1 0 0 , 0
3 8 8  5 W P = A T A N ( X P * T A N M P 5 ) / C 0 N S T 3  •
3 8 9  C C O N V E R T  F L O W  F R O M  m 3 / S  T O  L I T R E / S
3 9 0  Q = Q * 1 . 0 E 3
391 C C O N V E R T  P R E S S U R E S  F R O M  P A  T O  B A R
3 9 2  P D I F F P » P D I F F P * 1 . O E - 5
393 P D l r F M = p n i F F M * 1 . O E - 5
394 I F ( . N O T . F U L L ) G O T O  6 0 6 0
395 W R I T E ( 6 , 8 0 1 ) S W M , S W P , Q , T P , P D I F F P , P D I F F M , E F F O V , F R P , F F , S F C
3 96  8 0 1  F O R M A T ( 1 H  , F 8 . 2 , 4 X , 1 P 5 E 1 1 . 3 , 0 P F 8 . 1 , F I  0 , 3 , 2 X , : F 8 , 3)
397 K O U N T - 1  ;
398 6 0 8 0  I F ( M A X . E Q . 1 ) G 0 T 0  7 *
399 3 0 3 0  S W M = S W M + S W M i n c
400 C M A X I M U M  M O T O R  S W A S H  A N G L E  ? "
401 I F ( S W M - S W M M A X ) 3 0 1 0 , 3 0 1 0 , 7
402 C a n y  r e s u l t s  W R I T T E N  T O  L I N E  P R I N T E R  ( K 0 U n T = 1 )  ?
403 7 I F ( K 0 U N T . E Q . 1 ) G 0 T 0  8
404 W R I T E ( 6 , 9 5 0 ) S W M M A X
405 9 5 0  F O R M A K I H  , F 8 . 2 , 1 5 X , ' M A X I M U M  P R E S S U R E  D I F F E R E N C E  O R  MAXIMUM E N G I N E
406 A T O R Q U E  E X C E E D E D  ’ )
407 8 I F ( W P . G E . W P M A X ) G 0 T 0  5
408 W P - W P  + W P S T E P  •
409 G O T O  3 0 0 0  • ' )
410 C '
411 6 0 3 0  I F ( F U L L ) G O T G 6 0 S O  -
412 G O T O  3 _
413 C
414 C I T E R A T I V E  D E T E R M I N A T I O N  O F  X M  .
415 C e s t i m a t e  X M  A S S U M I N G  N O  F L O W  L O S S E S
416 6 0 2 0  X M = D P * W P R S / ( D M + W M R S )
417 C A L L  H Y S T A T
418 I N T R  = 0
419 I F ( A B S ( X P - 1 . 0 ) . L T . ( T O L / 1 0 0 ) ) G O T O  - 6 0 4 0
420 X P O  = XP
421 X M O  = XM
422 C R E D U C E  X M  B Y  0 . 1 '
423 X M  = X'1“ 0,1
424 C A L L  H Y S T A T
425 I F ( A B S ( X P - 1 . 0 ) . L T , ( T O L / 1 0 0 ) ) G O T O  6 0 4 0
426 X M l = X M
427 X P 1 = X P
423 6 0 7 0 ' S L = ( X P - X P 0 )  / ( X M - X M O )  '
429 I F ( S L . E o . O ) g O T O  3
430  I N T R z l N T R  +  1
431 X M = ( 1 . 0 - X P ) / S L  + X M
432 C A L L  H Y S T A T
TABLE 3. Cent’d.
28 0
/^33 i r ( A D S ( X P - 1 . 0 ) . L T . ( T O L / 1 0 0 ) ) G O T O  6 0 4 0
4 3 4  I F ( I N ' T R . G T . 1 0 ) G O T O  6 0 9 0
4 3 5  X P 0 = X P 1
4 3 6  X M 0 = X M 1
4 3 7  X P 1 = X P
4 3 5  Xfll =Xi'1
439. G O T O  6 0 7 0  ^
440 6 0 4 0  S W M s A T A N ( X n * T A N M M S ) / C 0 N S T 3
441 I F ( F U L L ) M A X = 1
4 4 2  g o t o  6 0 1 0
4 4 3  6 0 9 0  I F ( F U L L ) G O T O  7
4 4 4  G O T O  3
4 4 5  C
4 4 6  5 C A L L  C P U T I M  ,
4 4 7  C
4 4 8  C M A X I M U M  M O T O R  ( O U P U T )  S P E E D ?
4 4 9  I F < W M - G E . W M M A X ) G O T O  1 7
4 5 0  W M - U ' M - t - W M S T E P
451 • G O T O  4 . ' /  .
452 . 1 7  C O N T I N U E
453 S T O P
454 E N D
TABLE 3. Cont'd.
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FIG. 2 Flow Chart for Program HYTSP3
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->  ]N T R = JN T R H -(
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S P E E D  B V  
IN C R E M E N T
O U T P U T  
SPEED >  
M A X I MUIA ?
|N T =  I M T +  1




COMPUTER PROGRAM DOCUMENTATION FOR SUBROUTINE HYSTAT
Library Classification 
BENG(F) HYSTAT.021.01
Model of a Hydrostatic Transmission System
FORTRAN IV . ICL 450 November 1973
No special hardware requirements




The model simulates the steady state characteristics of a hydrostatic 
transmission system. The variable displacement pump and motor are 
treated as continuous linear elements with torque and flow losses.
No Associated Subroutines 
Input/Output Information
All input/output information transferred via ’COMMON’
COMMON DP, VRP, CSP, CCFP, CVFP, XP, PP, TP, WP, Q, DM, VRM, CSM,CCFM 
CVFM, XM, PM, TM, WM, PLOSS, TEMP, VISC, VISCK, EM, B0.
Input Information:
DP - Maximum pump displacement - m^/rad


























Pressure dependent friction 
Viscous friction
Pump rotational speed - r/s 






pressure dependent friction 
viscous friction
Fraction of maximum motor displacement, - 1 ^ XM < 1
Motor torque - Nm
Motor rotational speed - r/s
Pipe loss coefficient - Pa s^/m^
- Oil temperature - °C '
Absolute viscosity of oil at TEMP °C - cP 
Kinematic viscosity of oil at 20°C - (cSt)
Empirical viscosity pressijre coefficient 
Bulk modulus of oil at atmospheric pressure - Pa 
Information
Fraction of maximum pump displacement. 
Pressure differential at Pump - Pa 
Pump torque - Nm 
Flow m^/s
Pressure differential at motor - Pa
All variable names conform to standard Fortran IV conventions.
Limitations
The following sign convention is observed;
286
Power output negative 
Power input negative
To avoid very large pressure differentials with the possibility of 
a store overflow (and consequent program failure) the motor swash 
plate should be arranged so that |x^j> 0.25
No inbuilt error messages 
Storage 1688 bytes.
Notation
Isentropic secant bulk modulus of oil at atmospheric
pressure j
B Isentropic secant bulk modulus of oil at operating
pressure
C Viscous friction loss coefficientV
Pressure dependent friction loss coefficient 
Slip flow loss coefficient 
D Maximum displacement of hydraulic machine
K Pipe friction loss coefficient
m Empirical viscosity-pressure coefficient
p Pressure differential




V Ratio of residual volume in cylinder and port at T.D.C
and maximum stroke to displacement of cylinder at maximum 
stroke.
287
X Fraction of maximum displacement of hydraulic machine
Absolute viscosity of oil at atmospheric pressure
y Absolute viscosity of oil at operating pressure
w Speed of rotation




Mathematical Model of Transmission
The hydrostatic transmission simulated is shown diagrammatically
)in Fig. 1.
For x^ ^ 0, x^ > 0 and power transfer from the pump to the motor, 
the equations describing the flow and torque relationships of the 
hydrostatic units are as follows:
C: n D w p
Q = X  D w - P P P _  P P P  (Y + o . 5 ( l + x ) )  (1)
p  P P P  ------ - ------- p p
y B
T p  = X p D p P p  + C c p D p P p  + V  P “ p  ° p  (2)
». = W‘. ' »>
If reversal of the roles of the pump and motor can occur (power flow 
from the motor to the pump), it is necessary to introduce a sign
convention to define power input-output conditions:
288
Power output is negative 
Power input is positive
Applying this sign convention, and extending the operating region
of X and x t o - l ^ x ^ l  and - 1 ^ x < 1 ,  the equations become: p m  p m ^ ’ ^
Motor torque T„ = x„D„p„ t sgn (T^w^) sgn (x^) C^,^D^p^ + (5)m m m"m
Motor flow
a) Power from motor to pump
 ̂ ^ ^sm-m^m . I^ml^m^m
Q = ' ' m V m ------------+  :-
(6)
or
b) Power from pump to motor
C D p sm m^m (7)
Pump torque
a) Power from motor to pump
T p  = - V p P p  + %  I P p  I D p  + V  | W p |  D p  P (8)
or
1j) Power from pump to motor
T p = ' V p P p  ' ( X p P p ) |  ^Cp p p r p ^ s r p r p " (9)
Pump Flow
a) Power from motor to pump 
C D p
Q = X  D CO + P- P- ̂  (10)P P P  ^
^sp^pPp > Q, both units are pumping, and equation (11) must 
^ be applied.
b) Power from pump.to motor
CspOpPp + 1 + I *P
Q = V p“ p "  P B V p  + 2 /  (1 1 )
Assuming turbulent losses occur in the pipe connecting the pump and 
motor, then the relationship between the pressure at the motor and 
the pressure at the pump is.
P p  = P m  - s g n  (Q) K Q 2  (12)
The oil viscosity, y, and oil bulk modulus, B, are functions of the 
oil temperature and pressure and consequently change with operating 
conditions. In the case of a hydrostatic transmission, the isentropic 
secant bulk modulus is used, ref. (1):
4 ^ 0.0019 ( z o - t )
B = (1.96 + 0.15 log v)10 - 5.6 (690-Pm) (13)
or B = B^ + 5.6 P^
where B^ is the bulk modulus of the oil at atmospheric pressure
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The absolute viscosity of the oil may be obtained from the empirical 
formula suggested by Peasall and Kane (Ref. 2):
(log y)^ = (log y^)^ + mP^ (15)
Solution of Equations
A solution of the equations describing the transmission may be 
obtained by specifying the torque and speed conditions at the motor, 
the fraction of maximum motor displacement, x^, and pump speed,
For a given load torque, the pressure differential at the motor may 
be calculated from equation (5): .
p = m________________________________________ (16)m %  + sgn(x^)sgn(T^w^)Ccm
As the oil viscosity, y , is a function of the pressure differential, 
an estimate of the pressure differential is obtained from a simplified 
version of equation (16):
Tm
D____________r_________
\  + sgn(x )sgn(T w )C^mest = ------------- —
The oil viscosity is calculated at this estimated pressure, using 
equation (15), and the true value of the pressure differential obtained 
from equation (16). The pump displacement, x^, is found by equating 
the pump flow to the motor flow.
2 9  1
A listing of the subroutine is given in Table 1 and a flow chart 
is presented in Fig. 2.
REFERENCES
1. Hayward, A.T.J. '
'Generalisations for Isentropic and Isothermal Compressibility 
of Hydraulic Mineral Oils'
N.E.L. Report 443, January 1970.
2. Pearsall, I.S. and Kane, J.
'Viscosity and Specific Gravity of Five Hydraulic Oils'
























































Sl InPROGRAf I  fJAMT- HYSTAT 
I. i nRARY C L A S S I F I C A T I O N  ^
T î T l E  - M O ü C L  o r  H Y D R O S T A T I C  T R A N S M I S S I O N  S Y S T E M  
F O R T R A N  IV  I C L  A - 5 0  N O V  197.3 
N O  S P E C I A L  H A R D W A R E  R F Q U I R F. M E N T S 
A I l r M O R  - K . A . E D G E
P U R P O S E  -  T O  S I M U L A T E  T H E  S T E A D Y -  S T A T E  C H A R A C T E R I S T I C S  
O F  A H Y D R O S T A T I C  T R A N S M I S S I O N  S Y S T E M
R E V I S I O N S -
M E T H O D  - T H E  P U M P  K  M O T O R  A r e  T R E A T E D  A S  C O N T I N U O U S  L I N E A R  
E L E M E N T S  W I T H  T O R O i J E  A N D  F L O W  L O S S E S
I N P U T  I N F O R M A T I O N  ( V I A  ' C O M M O N ' ) ;
. D P  ) ( M A X I M U M  D I S P L A C E M E N T  M 3 / R A D
V R P  ) ( v o l u m e  R A T I O
C S P  ) P U M P  ( S L I P  L O S S  C O E F F I C I E N T
C C F P  ) ( C O U L O M B  F R I C T I O N  L O S S  C O E F F I C I E N T
C V F P  ) ( V I S C O U S  F R I C T I O N  L O S S  C O E F F I C I E N T
W P  ) ( S P E E D  R A d / S
D M  ( ) M A X I M U M  D I S P L A C E M E N T .  M 3 / R A D
V R M  ( ) V O L U M E  R A T I O
C C F M  ( M O T O R  ) C O U L O M B  F R I C T I O N  L O S S  C O E F F I C I E N T
C V F M  ( ) V I S C O U S  F R I C T I O N  L O S S  C O E F F I C I E N T
C S M  ( ) S L I P  L O S S  C O E F F I C I E N T
X M  ( ) f r a c t i o n  O F  M A X I M U M  D I S P L A C E M E N T
T M  ( ) T O R Q U E  Nf^
W M  ( ) S P E E D  R A D / È
i
P L O S S  - P I P E  L O S S  C o e f f i c i e n t  p a / ( m 3 / s ) 2
t e m p  - O I L  T E M P E R A T U R E  D E G C
V i s e  - A B S O L U T E  V I S C O S I T Y  O F  O I L  A T  ' T E M P '  C P
V I S C K  -  K I N E M A T I C  V I S C O S I T Y  O F  O I L  A T  2 0  D E G C  C S T
E M  -  E M P I R I C A L  V l S C O s i T Y / P R E S S U R E  C O E F F I C I E N T
8 0  -  B U L K  M O D U L U S  O F  O I L  A T  ' T E M P *  A N D  A T M O S P H E R I C  P R E S S






F R A C T I O N  O F  M A X I M U M  P U M P  D I S P L A C E M E N T  
P R E S S U R E  D I F F E R E N T I A L  A T  P U M P  M P A  
T O R Q U E  A T  P U M P  N M  
F L O W  M 3 / S
P R E S S U R E  D I F F E R E N T I A L  A T  M O T O R  M P A
V A R I A B L E  N A M E S  ( E X C L U D I N G  I N P U T / O U I P U T  I N F O R M A T I O N ) ;
A M U  -  A O S  V I S C O S I T Y  O F  O I L  P A . S
B -  B U L K  M O D U L U S  O F  O I L  A T  O P E R A T I N G  P R E S S U R E
P M S I G N -  S I G N  O F  P R E S S  D I F F  A T  M O T O R
P P S I G N -  S I G N  O F  P R E S S  D l F F  A T  P U M P
O S I G N  - S I G N  O F  FLOW
S G N  -  S I G N  O F  f r a c t i o n  O F  M A X I M U M  M O T O R  D I S P L A C E M E N T
S G N I  -  S I G N  O F  p o w e r  A T  M O T O R
S G N 2  -  S I G N  O F  H Y D R A U L I C  P O W E R  A T  P U M P
TABLE 1. Listing of Subroutine HYSTAT
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c
c S I G N  CClNVf-N r I O N  : I ' O W f P  I W P O S I T I V E
C [)()/.'F R OiJT . N E G A T I V E
C 
C
s ü r () G u T I N S  H Y s I A T
C 0 v M n M û ;>, i-; , c s P , r c i: p , c v F t %  x p , p p  , i p , w r , Q ,
A i) H , v R y, , c s y  , C C F  M , c V F  M  , X X , P M  , T M  , M ,
b p L O S S  . r r H P  » V i s t: » V 1 5 C  K , E M  , B O
s G N = s I G N ( 1 . , X M  ) 
s G Eî 1 - s I G M ( 1 . A' , W M * T X )
C F s T I M  A I E P P F S S U R E  D ]l-F A T  M O T O R  W [ T H N S' V I S C  F R I C T I O N  L O S S
P X E S 1 = 1  Li / ( D M * ( X n  ̂ C C F y \ * S S N 1 + S G N ) )
C r A I C  V I S  C 0 S r; >' o f- c i l  a t  p m e s t
A y: u = 1 0 , 0 * * s 0 R T  ( ( A L 0 G I 0 ( V ) 3 c ) ) >- + ? f r Ni * A B s ( p V E s T ) ) o  . c E:~3 
P M = ( T M / P H - C  V F * v; M  * A X  i. ! ) / ( X :4 + 3 G 'J1 ^ S G N  ̂C C T H  )
C C ^ F C r  L Q R  L L S S L S  G F. F A 1 F L 1 H A R' f N PL'l l O ^ ^ O U E  1 0  M O T O R
l r ( 1 M . I F . 0 . W R . ( T M / 1) M - C V F M *  'AM *■ A M R ) . G T , 0 ) F V, = 0 
J F ( r M . G F . 0 . A V p . ( T i'-', / P M - C  V F M  * W M  * A Mil ) . p T .  G ) F M = 0 
8 - B 0 + 5 . 6  ̂P M
I I ( SG ,V1 ) A 0 0 0 , 3 (  0 0 , 3 0 1 0  
C C A L c E L  0 W I 0 M  0 T 01C
3 0 0 0 G = ( X M *  W M - C  S M *  P M  / A M U ) * [ ) N 1
G O  1 0 3 0 2 0  
C C A L C  Fl.nw F R O M  M r i T ü R
? 0  I 0 * ( X M  ( C S M / A N U  + A B S  ( W M )  / G A ( V R M 4  ( 1 . 0  + A B S  ( X M )  ) / 2 )  ) )
C C A I C P E S S : T P U  M  P
3 0 2 0  Q S ! C . V  = S 1 G X ( 1 . V , r U  '
0 P = F M  - G S I r, A! - p l. 0 s s * G * * 2  ^
P P S 1 G M = S I G K' ( 1 . 0 , F' P )
P M S  I G N = S ! .G i\i (1 . 0 , P M )
C I r  P R E S S  A T  P O M P  IS O F  0 P P O $  i IE SiG'i T O  P R E S S  A T  M O T O R  'MJT P P  = 0 , 0
I E ( P P S I G A "  F M S I G N ) 3 0 7 c , 3  0 3 0 , 3 0 7 0
3 n g O  P F = 0 . 0
3 ( 1 7 0  S(,;!R = Q S I G N * P F S I G I :
1 F ( S G M 2 ) 3 0 4 0 , 3 0 4 0 , 3 0 3 0
C I E f l o w  l o s s e s  a t  p u m p  > JfiPljr P L O W ,  B O T H  U N I T S  P U M P  I N G  
3 0 3 0  IP f A 8 S ( C R F <  P P / A M U )  . G L  . A O 3 ( Q / D P ) ) G O T O  3 0 4 0  
X P - ( Q / P P - C S P * P P / A M  U ) / U P
T P = ( - X P P FM 3 I G ( 4 1 . 0 , X P * P P ) * ( C C E P * A G S ( P P ) * C V E P * A B S ( W F ) * A M  L D  ) * I' P 
R E T  U R M
3 0 4 0  X F = ( Q / D F - P P A  ( C S F / A M U 4 ^ A B S  ( W P )  * ( V R R  + 0 .  S)  / B )  ) /
A ( W P * A 8 5 ( w F' ) * p P * S I A 0 ( 1 . C , Q / W P ) / ( 2 * P. ) ) 
r p - ( - X f> > P p - S ] G L (1 . 0 , X P *- P P ) * ( C C F r < A B S ( P P ) + C V E P *• A'B 3 ( ',! P ) * A M U  ) ) * D P
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FIG.2 Flow Chart for Subroutine HYSTAT
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APPENDIX III
COMPUTER PROGRAM DOCUMENTATION FOR SUBROUTINE INTRPl
Library Classification 
BENG(F)INTRP1.016.01
Smoothed One Dimensional Interpolation and Linear
Extrapolation Routine
FORTRAN IV ICL 4.50 or PDP8/E 3/9/73
No special hardware requirements
Authors K A Edge
P R Binding
Summary
Given a function y = f(x), defined at a number of discrete values 
of X ,  the program calculates the value of the function corresponding 
to any given value of x.
No Associated Subroutines
All variables transferred via argument list:
CALL INTRPl (X, Y, XVEC, YVEC, NX)
Input Information (via argument list) *
X - value of x at which Y is to be determined
XVEC - array containing NX values of x
YVEC - array containing the corresponding NX values of the function
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NX - number of values of x at which the function is defined
(Integer constant)
Output Information (via argument list)
Y - value of function required
Limitations and Accuracy of Program
The accuracy depends upon the function under consideration. Single 
precision arithmetic is used throughout. The following restrictions 
also apply:
1. The independent variable must be stored in ascending order of 
magnitude with no two values identical.




No normal failures can occur. The routine will always return a value 
of the function as unlimited linear extrapolation is allowed.
Timing Depends on application
Storage 1632 bytes
Program Action and Algorithm
The program first determines the lowest value of the X array (XVEC) 
subscript I, which returns a value of X (I) > x. The slopes of the 
lines joining points A to B, B to C and C to D are then calculated 
(Fig. 1) and stored as SL(1), SL(2) and SL(3). The angles of these 
lines with respect to the x axis are also calculated, and stored as 
ANG(l), ANG(2) and ANG(3). From these angles, the angle of the
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"tangent" to the function at point B (ANGIMl) is determined by- 
taking the average of ANG(l) and ANG(2). Similarly, the angle of 
the "tangent" to the function at point C (ANGl) is determined by taking 
the average of ANG(2) and ANG(3). From these "tangents" the points 
Yj and Y2 are found (Fig.l). Point Y^ is also found by linear 
interpolation of the values of Y at B and C (Y(I-l) and Y(I)). The 
value of y corresponding the given x is found by adding 'weighted’ values 
of the distance between Y^ and Y% and Y^ and Y2 to Y^. The equation 
used to determine y is:
Y = Y^ + (Yi - Y*)




X  - X(I-l)
X(l) - X(j-l)




X(I) - X(I-l) 
through a given set of points.
were used to obtain che best smooth curve
In the determination of the lowest value of the subscript 1 such that 
X(I)> X  , several special cases can occur:
1. 1 = 2  (Fig.2)
In this case, there is insufficient data to determine the values 
of SL(1) and ANG(l). Consequently, the angle of the tangent to the 
function at point B is taken as ANG(2). This results in identical values
for Y and Yi. o ^
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2. I = NX (Fig.3)
Insufficient data is available to determine SL(3) and ANG(3).
The angle of the tangent to the function at C is taken as ANG(2).
This results in identical values for Y and Yo.o ^
3. X < X (1)
X is outside the available range of data and linear extrapolation
is carried out using the values of Y(l) and Y(2).
4. X > X(NX)
X is outside the available range of data and linear extrapolation
is carried out using the values of Y(NX - 1) and Y(NX). ^
5 . x -  X(I)
The program returns the value y = Y(I) for any I in the range 
1< I ̂  NX.
A listing of the subroutine is given in Table 1 and a flow chart 
is presented in Fig.4.
S U B P R O G R A M  N A M E  - I N T R P l  
L I B R A R Y  C L A S S I F I C A T I O N  -
F O R T R A N  IV  I C L  4 - 5 0  O R  P D P 8 / E  
N O  S P E C I A L  H A R D W A R E  R E Q U I R E M E N T S
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3 / 9 / 7 3
P U R P O S E  -  g i v e n  a  f u n c t i o n  Y = F ( X ) ,  D E F I N E D  A T  A N U M B E R  O F  
D E S C R E T E  V A L U E S  O F  X, T O  C A L C U L A T E  T H E  V A L U E  O F  
T H E  F U N C T I O N  C O R R E S P O N D I N G  T O  A N Y  G I V E N  V A L U E  O F  X
R E V I S I O N S  -
M E T H O D  - A N  E M P I R I C A L  E Q U A T I O N  IS U S E D  F O R  F I T T I N G  A S M O O T H  
C U R V E  T H R O U G H  T H E  G I V E N  P O I N T S .  U N L I M I T E D  L I N E A R  
E X T R A P O L A T I O N  IS C A R R I E D  O U T  F O R  V A L U E S  O F  X O U T S I D E  
T H E  R A N G E  O F  T H E  G I V E N  D A T A
A L L  v a r i a b l e  N A M E S  C O N F O R M  T O  S T A N D A R D  F O R T R A N  I V  C O N V E N T I O N S  
I N P U T  I N F O R M A T I O N  ( V I A  A R G U M E N T  L I S T )  -
X -  V A L U E  or X A T  W H I C H  Y I S  T O  B E  D E T E R M I N E D
X V E C  -  N A M E  O F  A R R A Y  W H I C H  C O N T A I N S  T H E  N X  V A L U E S  O F  X
Y V E C  -  N A M E  O F  A R R A Y  W H I C H  C O N T A I N S  T H E  C O R R E S P O N D I N G  N X  V A L U E
O F  T H E  F U N C T I O N  
N X  -  N U M B E R  O F  V A L U E S  O F  X A T  W H I C H  F U N C T I O N  IS D E F I N E D
( I N T E G E R  C O N S T A N T )
O U T P U T  I N F O R M A T I O N  ( V I A  A R G U M E N T  L I S T )  -
Y -  R E T U R N S  T H E  V A L U E  O F  T H E  F U N C T I O N
v a r i a b l e
A N G
ANGI .
A N G I M 1
D E L Y 1













N A M E S  ( E X C L U D I N G  I N P U T / O U T P U T
-  A R R A Y  S T O R I N G  A N G L E  O F  L I N E
- A N G L E  O F  T A N G E N T  TO F U N C T I O N
- a n g l e  o f  T A N G E N T  T O  F U N C T I O N
- D I S T A N C E .  B E T W E E N  YI A N D  Y O
- D I S T A N C E  B E T W E E N  Y 2  A N D  Y O
-  A R R A Y  S U B S C R I P T
-  c o u n t e r
- A R R A Y  S U B S C R I P T
O F  t a n g e n t  T O  
O F  T A N G E N T  T O
I N F O R M A T I O N )  - 
j o i n i n g  T W O  P O I N T S
A T
A T
P O I N T
P O I N T 1
S L O P E  
S L O P E  
a r r a y  
S L O P E  
I N C R E M E N T  
I N C R E M E N T
v a l u e  o f  Y
F U N C T I O N
f u n c t i o n
O F  L I N E
A T
A T
P O I N T  
P O  I N T
I
1 - 1
S T O R I N G  S L O P E   J O I N I N G  T W O  P O I N T S  
O F  L I N E  J O I N I N G  T W O  P O I N T S  F O R  E X T R A P O L A T I O N  
IN X V E C ( I ) b e t w e e n  T W O  P O I N T S  
IN  Y V E C ( I ) B E T W E E N  T W O  P O I N T S  
F R O M  l i n e a r  i n t e r p o l a t i o n  B E T W E E N  T W O  P O I N T S
V A L U E
v a l u e
O F
O F
o b t a i n e d
O B T A I N E D
F R O M
F R O M
t a n g e n t
t a n g e n t
a t
a t
P O I  N T  
p o i n t
1 - 1
I
N O  a s s o c i a t e d  s u b r o u t i n e s
d i m e n s i o n  X V E C ( N X ) . Y V E C C M X ) . S L ( 3 ) . A N G (3 )
D O  1 0  1 = 1 , N X  
d e t e r m i n e  f i r s t  V A L U E  O F  X V E C ( I )  W H i C H  IS > X 
I F ( X - X V E C  < I ) ) 3 0 ,  2 0 ,  1 0 
0 C O N T I N U E
X IS G R E A T E R  T H A N  A L L  V A L U E S  O F  X V E C ( I )
I = N X
TABbC i. Listing of Subroutine INTRPl
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c T A K E  l a s t  t w o  G I V E N  P O I N T S  Y V E C ( N X )  & Y V E C ( N X - 1 ) A N D  D E T E R M I N E  S L O P E  
S L O  P E  = ( Y V E C  ( N X  ) - Y V E C  ( N X - 1 ) )  / ( X V E C  ( N X ) - X V E C  ( N X - D )
G O T O  6 0  
3 0  C O N T I N U E
C I F  1 = 1 ,  T H E N  X IS L E S S  T H A N  A L L  V A L U E S  O F  X V E C ( I )  
j F d . L E . D G D T O  4 0  
D O  5 0  I L = 1 ,3 '
I T = I - 3 + I L  
I F ( I T . L E . O )  I T = 1  
I F ( I T . E O . N X ) I T = N X - 1  
C D E T E R M I N E  I N C R E M E N T  IN  Y V E C ;  T Y  
T Y = Y V E C ( I T + 1 ) - Y V E C ( l T )
C D E T E R M I N E  I N C R E M E N T  IN X V E C : T X
T X = X V E C ( I T + 1 ) - X V E C ( I T )  '
C O B T A I N  S L O P E  O F  L I N E  J O I N I N G  T W O  P O I N T S  
S L ( 1 L ) = T Y / T X  
C O B T A I N  A N G L E  O F  L I N E  J O I N I N G  , T W O  P O I N T S  
5 0  A N G d  L ) = A T A N 2 ( T Y , T X )C O B T A I N  A N G L E  O F  - T A N G E N T  T O  F U N C T I O N  A T  P O I N T  1-1 
A N G I M l  = ( A N G ( 1 ) + A M G ( P )  ) / 2  C O B T A I N  A N G L E  O F  T A N G E N T  T O  F U N C T I O N  A T  P O I N T  I 
A N G I = ( A N G ( 2 ) + A N G ( 3 ) ) / 2  
S i n l = S I N ( A N G l M l ) / C 0 S ( A N G I M 1  )
S l = S I N ( A N G I ) / C O S ( A N G I )
y O  = Y V E C d - 1  ) + S L (  2) ★ (  X - X V E C  ( 1 - 1  ) )
. Y l = Y V E C d - 1 ) + S I M l *  ( X - X V E C  d % J ) )
Y 2  = Y V E C ( I ) + S I * ( X - X V E C ( I) )
D E L Y 1 = Y 1 - Y 0
D £ L Y 2  = Y 2 - Y 0  ;•
C d e t e r m i n e  v a l u e  O F  Y U S I N G  E M P F R I C A L  E Q U A T I O N
Y = Y 0 + D E L Y 1 * ( ( X V E C ( I ) - X ) / ( X V E C ( I ) - X V E C ( I - 1 ) ) ) * * 2  
+ + D E L Y 2 * ( ( X - X V E C d - 1 ) ) / ( X V E C ( I ) - X V E C d - 1 ) ) ) * * 2
R E T U R N  
2 0  Y = Y V E C ( I )
R E T U R NC T A K E  F I R S T  T W O  G I V E N  P O I N T S  Y V E C ( 1 )  & Y V E C ( 2 )  A N D  D E T E R M I N E  S L O P E  
4 0 S L O P E = ( Y V E C ( 2 ) - Y V E C ( 1 ) ) / ( X V E C ( 2 ) - X V E C ( 1 ) )C U S I N G  V A L U E  O F  S L O P E ,  D E T E R M I N E  Y B Y  L I N E A R  E X T R A P O L A T I O N  
6 0  Y = ( X - X V E C ( I ) ) * S L O P E + Y V E C ( I )





A N G I
ANG(I)
X (l-l)











Y a Y o J / ^  SL(2)
X(NX-3) X(NX-2) X(NX-l) x(Nx)
FIG.3. PROGRAM ACTION, SPECIAL CASE I = N X
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( S T A R T )
D O  L O O P  1 = 1 TO NX
POSITIVEZ E R O
( r e t u r n ) n e g a t i v e DETERMINED SLOPE  
OF L IN E  J O IN IN G  
Y(NX') TO 7 (NX«»)
DO LOOP lL-\ TO3
IT^NX-1 IIT-N%?
DETERMINE SLOPE 
OF LINE J O IN I N G
v ( 0  T O  y(z)
DETERM INE a y
LINEAR e x t r a p o l a t i o n
r  \
( r e t u r n )
N o
D E T E R M I N E  S L O P E  A N D  
A N G L E  or LINE JOINING 
y(lT+l') TO 7 (i t)
N o
C A L C U L A T E  T A N G E N T S  
T o  FUNCTION AT J-\ ^  I
I
C A L C U L A T E  VcA. Yl  &  7E
■ t ....
d e t e r m i n e  F r o m  
E m p i r i c a l  e q u a t i o m
Ç  R E T U R N )
FIG. 4 Flow Chai't for Subroutine INTRPl.
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APPENDIX IV
COMPUTER PROGRAM DOCUMENTATION FOR SUBROUTINE INTRP2
Library Classification 
BENG(F) INTRP2.017.01
Smoothed Two Dimensional_Interpolation and Linear
Extrapolation Routine
FORTRAN IV ICL 4-50 or PDP8/E 3/9/73
No special hardware requirements
Authors P R Binding 
K A Edge
Program Summary
Given a function z = f(x, y), defined at a number of discrete values 
of X and y, to calculate the value of the function corresponding
to any given values of x and y .
Associated Subroutine - INTRPl (BENG(F)INTRP1.016.01)
All variables transferred via argument list:
CALL INTRP2 (X, Y, Z, XVEC, YVEC, ZARA, MX, MY, NX, NY)
Input Information (via argument list)
X - value of x at which function is to be evaluated.
Y - value of y at which function is to be evaluated.
XVEC - name of array containing NX values of X.
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YVEC - name of array containing NY values of Y.
ZARA - array containing the NX * NY values of the function.
MX - maximum dimension > NX of the first subscript of the
array ZARA
MY - maximum dimension ^ MY of the second subscript of the
array ZARA.
NX - number of values of X (< MX) at which function is defined.
NY - number of values of Y MY) at which function is defined.
MX, MY, NX and NY are all integer constants.
Output Information ( via argument list)
Z - The required value of the function.
Limitations and accuracy of program '
The accuracy of the program depends upon the function under consideration, 
Single precision arithmetic is used throughout.
The following restrictions apply:
1. Each of the two independent variables must be stored in ascending 
order of magnitude, no two values being identical.
2. MX > NX > 2 
MY > NY > 2
3. The values of the function must be stored in a two dimensional 
array, with the first subscript varying the fastest.
Inbuilt Error Messages
No normal failures can occur. The routine will always return a value of 
the function as unlimited linear extrapolation is allowed.
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Timing Depends on application
Storage 1848 bytes
Program Action and Algorithm
The program first determines the lowest value of the Y array (YVEC) 
subscript. I, which returns a value of Y(I) > y . The values of Z 
corresponding to Y(I-2), Y(I-l), Y(I) and Y(I + 1) for the given 
X are then determined using subroutine INTRPl. This gives the points 
A, B, C and D (fig.l) which are stored as ZT(1), ZT(2), ZT(3) and 
ZT(4). The corresponding values of Y are stored as YT(1) to YT(4). 
From these points, subroutine INTRPl is again used to determinet
the required value of the function, z. ^
Special Cases:
In the determination of the lowest value of the subscript. I, such 
that Y(I) > y , the following special cases can occur:
1. 1 = 2  (Fig. 2)
The value of Y(I - 2) cannot be determined, as it is outside the 
range of given data. Consequently the following arrangement is 
made.
YT(1) = Y(l) ZT(1) = Z(x, 1)
YT(2) = Y(l) ZT(2) = Z(x, 1)
YT(3) = Y(2) ZT(3) = Z(x, 2)
YT(4) = Y(3) ZT(4) = Z(x, 3)
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Before the second call of INTRPl (to determine z), the arrays 
are rearranged:
YT(1) = Y(l) ZT(1) = Z(x, 1)
YT(2) = Y(2) ZT(2) = Z(x, 2)
YT(3) = Y(3) ZT(3) = Z(x, 3)
These three points are then used to interpolate for z.
2. I = NY (Fig.3)
The value of Y(I + 1) cannot be determined as it is outside the 
range of given data. The values of Z (stored in array ZT) and 
corresponding values of Y (stored in array YT) are arranged as follows
YT(1) = Y(NY - 2) ZT(1) = Z(x, NY - 2) ')
YT(2) = Y(NY - 1) ZT(2) = Z(x, NY - 1)
YT(3) = Y(NY) ZT(3) = Z(x, NY)
YT(4) = Y(NY) ZT(4) = Z(x, NY)
The first 3 points only (YT(1) to YT(3) and ZT(1) to ZT(3)) are used
to interpolate for z.
3. y < Y(l)
y is outside the available range of data and linear extrapolation 
is carried out using the values of Z(x, 1) and Z(x, 2) which are 
found using subroutine INTRPl.
4. y > Y(NY)
y is outside the available range of data and linear extrapolation 
is carried out using the values of Z(x, NY - 1) and Z(x, NY) 
which are found using subroutine INTRPl.
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5. y = Y(I)
The value of z is found from the one dimensional array Z(X, I) 
using subroutine INTRPl,
A listing of the subroutine is given in Table 1 and a flow chart is 
presented in Fig. 4.
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S U B R O U T I N E  I N T R P ? ( X , Y , Z , X V É C , Y V E C , Z A R A , M X , M Y , N X , N Y )
C
C SUBPROGRAM NAMH -  I N T R P 2  
C
C L I B R A R Y  C L A S S I F I C A T I O N  -  
C
C T I T L E  -  SMOOTHED TWO D I M E N S I O N A L  I N T E R P O L A T I O N  AND L I N E A R  
C E X T R A P O L A T I O N  R O U T I N E
C
C FORTRAN I V  I C L  4 - 5 0  OR P P P 8 / E  3 / 9 / 7 3
C
C NO S P E C I A L  HARDWARE R E Q U I R E M E N T S
C
C AUTHORS -  P . R . B I N D I N G  , K . A . E D G E
C
C PURPOSE -  G I V E N  A F U N C T I O N  Z = F ( X , Y ) , D E F I N E D  AT A NUMBER OF
C DE S CRETE V A L U E S  OF X AND Y ,  TO C A L C U L A T E  THE VAL UE
C OF THE F U N C T I O N  C O R R E S P OND I N G TO ANY G I V E N  V A L U E S
C OF X AND Y
C
C R E V I S I O N S  -
C
C m e t h o d  -  AM e m p i r i c a l  E Q U A T I O N  I S  USED FOR F I T T I N G  A SMOOTH
C SURFACE THROUGH THE G I V E N  P O I N T S .  U N L I M I T E D  L I N E A R
C E X T R A P O L A T I O N  I S  C A R R I E D  OUT FOR V A L U E S  OF X A N D / O R  Y
C O U T S I D E  THE RANGE OF G I V E N  DATA
C
C A L L  V A R I A B L E  NAMES CONFORM TO ST A NDA RD FORTRAN I V  C O N V E N T I O N S
C I N P U T  I N F O R M A T I O N  ( V I A  ARGUCMENT L I S T )  -
C X -  VAL UE  OF X A F WHI CH F U N C T I O N  I S  TO BE E V A L U A T E D
C Y -  VAL UE  OF Y AT WHI CH F U N C T I O N  I S  TO BE E V A L U A T E D
C XVEC -  n a m e  OF ARRAY C O N T A I N I N G  ^ X V A L U E S  OF X
C YVEC -  NAME OF ARRAY C O N T A I N I N G  NY V A L U E S  OF Y
C ■ ZARA -  ARRAY C O N T A I N I N G  THE ( NX ★ NY)  V A L U E S  OF THE F U N C T I O N
C MX MA XI MUM D I M E N S I O N  > = N X  OF F I R S T  S U B S C R I P T  OF ARRAY ZARA
C MY ■ -  MA XI MUM D I M E N S I O N  > “ MY OF SECOND S U B S C R I P T  OF ARRAY ZARA
C . NX -  NUMBER OF V A L U E S  OF X ( < = M x )  AT WHI CH F U N C T I O N  I S  D E F I N E D
C NY -  NUMHER OF V A L U E S  OF Y ( < = M y )  AT WHI CH F U N C T I O N  I S  D E F I N E D
C n o t e : M X , M Y , N X  AND NY ARE I N T E G E R  CONST ANT S
C OUT P UT  i n f o r m a t i o n  ( V I A  ARGUMENT L I S T )  -
C Z -  RETURNS THE VAL UE  OF THE F U N C T I O N
C
c V A R I A B L E  NAMES ( E X C L U D I N G  I N P U T / O U T P U T  I N F O R M A T I O N )  -
C I -  ARRAY S U B S C R I P T
C I L  -  COUNTER
C I T  ARRAY S U B S C R I P T
C .N -  NUMBER OF P O I N T S  A V A I L A B L E  FOR I N T E R P O L A T I O N /
C E X T R A P O L A T I O N
c SL OPE -  S l o p e  o f  l i n e  j o i n i n g  t w o  p o i n t s  u S e d  f o r  e x t r a p o l a t i o n
C Y T  a r r a y  s t o r i n g  V A L U E S  OF Y ( 1 - 2 )  TO Y ( 1 + 1 )
c Z T  a r r a y  S t o r i n g  v a l u e  o f  z  f o r  g i v e n  x a n d  p r e s e n t
c V A L U E  OF Y
c a s s o c i a t e d  s u b r o u t i n e  -  I N T R P 1  ( C L A S S I F I C A T I O N  -  
C
D I M E N S I O N  X V E C ( N X ) , Y V E C ( N Y ) r Z A R A ( M X , M Y ) , Z T ( 4 ) , Y T ( 4 )
DO 1 0  1 = 1 , NY
C D E T E R M I N E  F I R S T  VAL UE  OF Y V E C ( I )  WHI CH I S  > Y
I F ( Y - Y V E C d ) )  3 0 ,  2 0 ,  1 0 
1 0  C O N T I N U E
C Y I S  GREATER THAN A L L  V A L U E S  OF Y V E C ( I )
I = N Y
 ̂ TABLE 1. Listing of Subroutine INTRP2'
T T T
GOTO 70  
3 0  C O N T I N U E
C I F  1 = 1 ,  THEN Y I S  L ESS THAN A L L  V A L U E S  OF Y V E C ( l )
I F ( I , L E . 1 ) G O T O  6 0  
DO 4 0  I L = 1 , 4  
I T = I - 3 + I L  
I F ( I T . L E . O )  I T = 1  
I F ( I T . G T . N Y )  I T = N Y  
Y T ( I L ) = Y V E C ( I T )
C O B T A I N  V A L UE  OF Z FOR G I V E N  X AND P RESENT V A L U E  OF Y ( T H A T  I S ,
C Y V E C ( I T )  ) U S I N G  S U B R O U T I N E  I N T R P l ,  AND STORE I N  Z T ( I L )
C A L L  I N T R P 1 ( X , Z T ( I L ) . X V E C , Z A R A ( 1 , I T ) , N X )
4 0  c o n t i n u e
N = 4
C I F  1 =NY t a k e  F I R S T  3 P O I N T S  Y T ( 1 )  TO Y T ( 3 )  WI T H  CORRE S P OND I N G ZT  
C V A L U E S  & I N T E R P O L A T E  , '
C '
I F ( I . E Q . N Y ) N = 3  
I F (  I . N E . 2 ) GOTO 8 0  
C I F  1 = 2  PUT V A L U E S  OF Y T ( 2 )  TO Y T ( 4 )  I N T O  Y T ( 1 )  TO Y T ( 3 )  AND 
C CORRE S P ONDI NG ZT V A L U E S  Z T ( 2 )  TO Z T ( 4 )  I N T O  Z T d )  TO Z T ( 3 )
N = 3
DO 9 0  I L = 2 , 3  
Y T ( I L ) = Y T ( I L + 1 )
Z T ( I L ) = Z T ( I L + 1 )
9 0  C O N T I N U E  ^
C I F  NY = 2  t h e r e  ARE ONLY 2 P O I N T S  A V A I L A B L E  FOR I N T E R P O L A T I O N /
C E X T R A P O L A T I O N
I F ( N Y . E 0 , 2 ) N  = 2 ' )
C
C O B T A I N  Z U S I N G  S U B R O U T I N E  I N T R P l  
8 0  C A L L  I N T R P 1 ( Y , Z , Y T , Z T , N )
RETURN
2 0  C A L L  I N T R P 1 ( X , Z , X V E C , Z A R A ( 1 , 1 ) , NX)
RETURN '
60  1 =  2C VAL UE  OF Y O U T S I D E  G I V E N  D A T A ;  O B T A I N  Z BY L I N E A R  E X T R A P O L A T I O N  
7 0  C A L L  I N T R P K X , Z T d  ) , X V E C , Z A R A (  1 , 1 - 1 ) , NX)
C A L L  I N T R P 1 ( X , Z T ( 2 ) , X V E C , Z A R A ( 1 , 1 ) , NX)
S L 0 P E = ( Z T ( 2 ) - Z T d ) ) / ( Y V E C ( I ) - Y V E C ( 1 - 1 ) )  
Z = ( Y - Y V E C ( I ) ) * S L 0 P E + Z T ( 2 )
RETURN •
END
TABLE 1. Cent'd .
3 1 3
oc




FIG.2 PROGRAM ACTION -C P Z C IA L  CASE! 1 - 2
SO
F1C,.3 PROGRAM A C TIO N -S P E C IA L. CASE I  sM Y
YES












C O N T IN U E
I T  = I - 3 4 I L
DO LOOP 1 = 1 TO NY
S U B R O U TIN E  
I  NTRP1
DO Loop  IL  = 1 To If
determine
Z ( = C , T )
S T O R E  Y T ( l L )  IN  7 (X T ')
D E T E R M IN E
DETERMINE
S U B R o u t i  W E  
ÎNTR.P1
s u b r o u t i n e
INTR.P1
Su b r o u t i n e
IN T R P I
ON4UV Z. POltslTS 
MRIlPnElE. For. 
I N T E R P O L A T I O N
DETERMINE ^  BY 
LiNEAsR EXTRAPOLATION
TAKE PiRST THREE Points  
2 T ( i )  , ZT{Z)  & ZT(Z)  ONLY
DETERMINE Z;(jCjIT )  AND 
S T O R E  IN
determine FROM
ONE DlMCtsLSlON AL  
ARRAY z(X, l )
P u t  v a lu e s  oP y t (z ')  to  
V T(l') in to  7 T ( i )T o  YT(3) 
AND CORRESPONDING  
ZT VALUES ZT(2) To ZT(L) 
INTO Z-T(l^ To Z T (S ). 
ONLY 3  PoiMTS USED 
F o r , IN T E R P O U R T IO N  .
FIG.4 Flow Chart for Subroutine INTRP2.
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APPENDIX V
COMPUTER PROGRAM DOCUMENTATION FOR PROGRAM TRANS
Library Classification 
BENG(F)TRANS.022.01
Steady State Analysis of Shunt Transmission or Dual Mode 
Hydrostatic-HydroTr.echanical Transmission in Combination
with a Diesel Engine
FORTRAN IV ICL 4-50 31/7/73
No special hardware requirements
i
. }
Author K A Edge
Summary
The program models the steady state characteristics of alternatively 
a dual mode hydrostatic-hydromechanical transmission (Fig.l) or a 
shunt transmission (Fig. 2). The turbocharged engine driving the 
transmission (Perkins V8.640) is modelled from the manufacturers
data, which is stored in array form. The characteristics of the
hydrostatic units used in either transmission are modelled from a 










School of Engineering Computer Library routine, 
This subroutine gives the computer central 





- Type of transmission analysis:
SHUNT or DUAL MODE
As the format field is of length 1, only the first letter 
is required to identify the transmission type, but the full 














Gear tooth numbers (see Figs. 1 & 2) 





Speed dependent friction loss coefficients - Nms/rad 
(Numbers correspond to gear numbering)
For the shunt transmission F7 = 0.0
Epicyclic gear




























Gear torque-dependent loss coefficients 
(numbers correspond to gear numbering) 







- maximum pump displacement (litre/rad)
- maximum pump swash plate angle (deg)
- minimum pump swash plate angle (deg)
- Pump volume ratio (see HYSTAT documentation)
Format 8E10.3
- maximum motor displacement (litre/rad)
- maximum motor swash plate angle (deg)
- minimum motor swash plate angle (deg)
- motor volume ratio (see HYSTAT documentation)




















FLOSS - Pipe loss coefficients - MPa.s^/(litre
PMAX - maximum pressure differential - MPa
Card 9 Format 8E10.3
TEMP '- oil temperature -
Vise - absolute oil viscosity - cP
VISCK - kinematic oil viscosity at 20°C - cSt
EM - empirical viscosity-pressure coefficient
Card 10 Format 5F 0.0
WEMIN - minimum engine speed - rev/min
WEMAX - maximum engine speed - rev/min
WESTEP - engine speed increment - rev/min
WMLIM - maximum motor speed - rev/min
WPLIM - maximum pump speed - rev/min
Card 11 Format 10
NOSET - number of sets of data
Cards 12 to NOSET + 11 - Format 5F0.0
TAUL - load torque - Nm
WLMIN - minimum load speed - rev/min
WLMAX - maximum load speed - rev/min
WLSTEP - load speed increment - rev/min
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TOL - maximum pump displacement tolerance - %
TAUTOL - tolerance to which planet carrier torque is to be
calculated - %
Output variables
All data on cards 1 to 10 excluding PMAX
TAUL - load torque - Nm
WLREV - load speed - rev/min
WEREV - engine speed - rev/min
SWP - pump swash angle - deg.
SWM - motor swash angle - deg.
TAUE - engine torque - Nm
Q - flow - litre/s
PP - pressure diffeential at pump - MPa
PM - pressure differential at motor - MPa
TAUP - pump torque - Nm
TAUM - motor torque - Nm
WMREV - motor speed - rev/min
ETAMY - hydrostatic transmission overall efficiency - %
IDENT - identifier : prints if pump and motor roles ;
ETATR - overall transmission efficiency - %
FF - fuel flow - Kg/hr
SFC - specific fuel consumption of engine-transmission 
combination - kg/kWhr,
SFCCON - S.F.C - Ib/BHPhr.
TAUC - planet carrier torque - Nm
ETASYS - overall engine-transmission system efficiency - '
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All variable names conform to Fortran IV conventions unless otherwise 
stated.
Limitations
The analysis is limited to load torques and speeds > 0.
Storage






















Gear torque dependent loss coefficients 
(for the shunt transmission Cy = 0 )
Gear speed dependent friction loss coefficients 
(for the shunt transmission fy = 0 )
Gear tooth numbers





















The subscripts refer to the gear numbers (see Figs. 1 and 2),
Discussion
1. Dual Mode Transmission
1.1 Principle of Operation
(a) Hydrostatic Mode, clutch 1 disengaged, clutch 2 engaged 
(epicyclic sun and annular ring locked together). The output 
speed is increased by increasing the pump displacement from zero 
to a maximum (Fig. 3a). At maximum pump displacement, the speed 
of the planet carrier is equal to the speed of the locked sun 
and annular ring. Clutch 2 is now disengaged and clutch 1 engaged 
to change operating mode.
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(b) Hydromechanical Mode
On changing mode the pump and motor reverse roles. To continue 
to increase the output speed, the pump displacement is reduced 
from the maximum positive value to the maximum negative value.
At the zero pump displacement position, the pump and motor revert 
to their original roles. If a variable displacement motor is 
used, it is possible to obtain a further increase in output 
speed by reducing the motor displacement (Fig. 3b). A variable 
displacement motor also allows the transmission to be operated 
entirely in the hydromechanical mode, if desired, as shown by the 
dotted lines in Figs. 3a and 3b.
1.2 Mathematical Analysis
From the method described in Ref. 1, the equations describing 
the torque relationships may be dete^mined:- 
Gears 1, 2 and 3:
t
(ti“ fiwi)(l - Cl sgn(Tiwi)) - (%2 - f2W2 )(l - C2 sgn(T2W2 )) _J_
t2
t
+ (t3 -f3W3)(l - C3 sgn(T3W3))_2 _ q
t3
(In hydrostatic mode, * 1 3  = 0)
Gears 4 and 5:
(a) hydrostatic mode:
As the annulus is mounted on the sun shaft and the annulus and 
sun are locked together, it is assumed that no speed dependent 








( t 4  -  f4(jüi+ ) (1  -  C ^ s g n f T ^ w ^ ) )  = T g ( l  -  CssgnCiscos)  )
ts
where Tg = -
Gears 6 and 7 :
t
( t 6  -  f e ^ s  ) (1  -  C e s g n C x e m e ) )  = ( x y  -  f y w y ) ( l  -  C y S g n ( x y W y ) )
t?
}
The analysis is carried out for the specified load torque- 
speed condition over a range of engine speeds (Fig.5).
Subroutine HYSTAT is used to solve the equations describing 
the hydrostatic transmission. In the case where the motor 
displacement is less than its maximum value, an iterative 
procedure based on the ’régula falsi’ technique(Ref. (2)) is 
used to find the motor displacement at which maximum pump 
displacement occurs.
The equations describing the epicyclic gearbox are solved by 
means of subroutine EPIC.
2. Shunt Transmission
2.1 Principle of Operation
The output speed is increased by decreasing the motor displacement
: j  2 4
from zero to its maximum negative value, followed by a change 
in' the pump displacement from its maximum positive, value to 
its maximum negative value. Initially, the pump and motor 
roles are reversed. As the pump displacement passes through 
zero, the pump and motor assume normal operation. When maximum 
negative pump displacement is reached, a further increase in 
output speed may be obtained by reducing the motor displacement, 
(Fig. 4b).
2.2 Mathematical Analysis 
Torque relationships:
Gears 1 and 2: ,
it
(ti - fqwi )(1 - Cisgn(Ti^i)) = ( l  - C2Sgn(x2m2) )i2
t2
Gears 3 and 4:
t
_ 3(x3 - f 3 W 3 )(1 - C 3 Sgn(x 3W 3 )) = (x^ - fit0)4 )(l - Ci+sgn (x^w^))
t4
Gears 5 and 6:
T6W6 + 6̂ '  wsf6)(l - C6Sgn(x^W6))
+ 0)5 (X5 - fgwg )(1 - C5Sgn(x50)5)) = 0
2.3 Algorithm and Method
From the specified load torque, load speed and engine speed, 
the engine torque and annulus torque are estimated. The torque 
at the hydrostatic motor is then calculated and from subroutine
25
HYSTAT the torque at the hydrostatic pump is determined. The 
carrier torque is then found, and from subroutine EPIC the 
motor torque is recalculated. An iterative procedure is 
then used - continually recalculating the planet carrier torque - 
until two values are found within the specified tolerance.
The solution of the equations describing the hydrostatic 
transmission is identical to that outlined for the dual mode 
transmission analysis.
A listing of the program is given in Table 1 and a flow chart 
is presented in Fig. 5.
REFERENCES
1. Edge, K.A.
'Subroutine EPIC. Model of Epicyclic Gearbox’, School of Engineering 
Computer Library Classification BENG(F)EPIC.023.01
2. Henrici, P.
Elements of Numerical Analysis (Wiley & Sons, 1964).
p r o g r a m  TRAN
2 c
3 c PROGRAM NAME -  TRAN'S
4 c •
5 c LIBRARY CLASSI F I CATI ON -
6 c
7' c T I TL E  ~ STEADY STATE ANALYSIS OF A SHUNT TRANSMISSION
8 c OR A d u a l  MODE MYDROSTAT I C / HYDRQM£ CHAN I CAL TRANSMISSI
9 c
10 c FORTRAN IV I CL 4 - 5 0  3 1 / 7 / 7 3
11 c
12 c NO SPECIAL HARDWARE REQUIREMENTS
13 c
14 c AUTHOR - K. A. EDGE
15 c
16 c
17 c R E V I S I O N S -
1 3 c
19 c NOTE:  ALL VARIABLE NAMES CONFORM TO STANDARD FORTRAN IV
20 X COVEMTIONS UNLESS OTHERWISE STATED
21 c *
22 c INPUT INFORMATION -
23 c CARD 1 FORMAT A1
24 c ITYPE -  TYPE OF TRANSMISSION ANALYSI S;  SHUNT OR DUAL MODE
25 c CARD 2 FORMAT9I0
26 c IT1
2 7 c I T2 ) GEAR
28 c • I T3 ) TOOTH - ,
29 c I T4 ) NUMBERS
30 c ITS
31 c I T 6 )
32 c I T7
33 c
34 c ITS ) EPI CYCLI C GEAR < SUN
35 c ITR ) TOOTH NUMBERS ( ANNULAR RING
36 c CARD 3 f o r ma t  1 1 F 0 . 0
37 c FI
38 c F2 ) GEAR
39 c F3 ) VISCOUS FRICTION
40 c F4 ) COEFFICIENTS




45 c FS ) EPI CYCLI C GEAR ( S U N
46 c FP . ) VISCOUS FRICTION ( PLANET
47 c FR ) COEFFICIENTS ( ANNUALAR RING
4 8 c FC ) NM.S/RAD ( PLANET CARRIER
49 c CARD 4 FORMAT 1 0 F 0 . 0
SO. c Cl ) GEAR
51 c C2 ) TORQUE
52 c C3 ) DEPENDENT
53 c C4 ) LOSS
5 4 c C5 ) COEFFICIENTS
TABLE 1. Listing of Program TRANS.
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5 5  c ' C6 ) ,
5 6  C C7 )
5 7  C
5 3  C CS ) [ P I  C Y C L I C  GEAR ( SUN
5 9  C CR ) TORQUE DE P E NDE NT  ( ANNUL AR RI NG
6 0  C CC ) LOSS C O E F F I C I E N T S  ( P L A N E T  C A R R I E R
' 61  C CARD 5 f o r m a t . 8 E 1 0 . 3
6 ?  C DP -  MA XI MUM PUMP D I S P L A C E M E N T  ( L I T R E / R A D )
6 3  C S U P M A X -  MA XI MUM PUMP SWASH ANGLE ( D £ G )
6 4  C S U P I I I N -  ' I I N I M U M  PU!1P SWA'SH ANGLE ( D E G )
6 5  C VRP -  PUMP VOLUME R A T I O  ( S E E  D O C U M E N T A T I O N )
6 6  C CARD 6 FORMAT 3 6 1 0 , 3
6 7  C DM -  MAXI MUM MOTOR D I S P L A C E M E N T  ( L i T R E / R A D )
6 8  C SWMMAX-  MA XI MUM MOTOR SWASH ANGL E ( D E G ) '
6 9  C S WM M I N -  M I N I M U M  MOTOR SWASH ANGLE ( D E G )
7 0  C VRM -  MOTOR VOLUME R A T I O  ( S E E  D O C U M E N T A T I O N )
71 C CARD 7 FORMAT 8 E 1 0 . 3
72  C . CSP -  p u r P  S L I P  LOSS C O E F F I C I E N T
7 3  C CCFP -  PUMP COULOMB F R I C T I O N  LOSS C O E F F I C I E N T
7 4  C CVFP -  PUMP V I S C O U S  F R I C T I O N  LOSS C O E F F I C I E N T
75 C CSM -  MOTOR S L I P  LOSS C O E F F I C I E N T
7 6  C CCFM -  MOTOR COULOMB F R I C T I O N  LOSS C O E F F I C I E N T
7 7  C CVFM -  MOTOR V I S C O U S  F R I C T I O N  LOSS C O E F F I C I E N T
7 8  C CARD 8 FORMAT 8 E 1 Ü . 3
7 9  C PL OSS -  P I P E  LOSS ( M P A / ( L I T R E / S ) 2 )
8 0  C PMAX -  MAXI MUM PRESSURE D I F F E R E N T I A L  MPA
81 C CARD 9 FORMAT 8 E 1 0 . 3
8 2  C TEMP -  O I L  T E MP E R A T U RE  ( D E G C )
8 3  C V i s e  -  A B S O L U T E  O I L  V I S C O S I T Y  AT T [ M p  ( C P )
84  C V I S C K  -  k i n e m a t i c  O I L  V I S C O S I T Y  AT 2 0  DEGC ( C S T )
8 5  C EM « e m p i r i c a l  V I S C O S I T Y / P R E S S U R E  C O E F F I C I E N T
8 6  C CARD 1 0  FORMAT 5 F 0 . 0
8 7  C WEMI N -  M I N I M U M  E N G I N E  SPEED ( R E V / M I N )
8 8  C WEMAX -  MAXI MUM E N G I N E  SPEED ( R E V / M I N )
8 9  C W E S T E P -  F-Ng I N F  SPEED I N C R E ME N T  R E V / M i N
9 0  C WML I M -  MAXI MUM MOTOR SPEED L I M I T
91 C WP L I M -  MA XI MUM PUMP SPEED L I M I T
9 2  C CARD 11 FORMAT 10
9 3  C NOSET -  n u m b e r  OF SETS OF DATA
9 4  C CARDS 1 2  TO NOSET + 11 F 0 R M A T 6 F 0 . 0
9 5  C T A U L  -  LOAD TORQUE NM
9 6  C WL MI N -  M I N I M U M  LOAD SPEED R E V / M I N
9 7  C WLMAX -  MA XI MUM LOAD SPEED R E V / M I N  ' .
9 8  C W L S T E P -  LOAD SPEED I N C R E ME N T  R E V / M I N
9 9  C TOL  -  MAX PUMP D I S P L A C E M E N T  T O L E RA N CE  % -
1 0 0  C T A U T O L -  T OL E RA N CE  TO WHI CH P L A N E T  C A R R I E R  TORQUE I S  TO RE
1 0 1  C C A L C U L A T E D  %
1 0 2  C ' ■
1 0 3  C .
1 0 4  C OUTPUT I N F O R M A T I O N  -
1 0 5  c A L L  D a t a  o n  c a r d s  o n  1 l O  10 ( e x c l u d i n g  p m a x )
1 0 6  C T A U L  -  LOAD TORQUE NM
1 0 7  C WLREV -  LOAD SPEED R E V / M I N
1 0 8  C WEREV -  E N G I N E  SPEED ( R E V / M I N )
t a b l e 1. Cont'd.
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TAUC -  
E T A S Y S '
PUMP ( M P A )  
m o t o r  ( M P A )
PUMP SWASH ANGLE ( D E G )
MOTOR SWASH ANGLE ( D E G )  
e n g i n e  TORQUE NM 
FLOW RATE ( L I T R E / S E C )
P RESSURE D I F F E R E N T I A L  AT  
PRESSURE D I F F E R E N T I A L  AT 
PUMP t o r q u e  nm 
MOTOR TURQUE NM 
MOTOR SPEED R E V / M I N  
h y d r o s t a t i c  T R A N S M I S S I O N  O V E R A L L  
V A R I A B L E  SET TO 1 BL A NK  OR I STAR  
T R A N S M I S S I O N  O V E R A L L  E F F I C I E N C Y  ( %)  
E N G I N E  F UEL  FLOW ( K G / H R )
O V E R A L L  E N G I N E / T R A N S M I S S I O N  S P E C I F I C
E F F I C I E N C Y  %
UEL
' o v e r a l l  E N G / T R A N S M I S S I O N  SFC ( L B / B H P . H R )  
P L A N E T  C A R R I E R  TORQUE NM 
O V E R A L L  e n g i n e / t r a n s m i s s i o n  E F F I C I E N C Y  %
CONS UMP T I ON
( K G / K W . H R )
A S S O C I A T E D  S U B R O U T I N E S  -  
I N T R P l  
I N T R P 2  
E P I C  
H Y S l a T 
C P U T I M
























k o u n t
LOOP
n a m e s  ( e x c l u d i n g  i n p u t / o u t p u t  I N F O R M A T I O N )  -
-  O I L  BUL K MODULUS AT A T M O S P H E R I C  PRESS ( M P A )
-  C O N V E R S I O N  F A C T O R ,  R E V / M I N  TO R A D / S
-  DUMMY v a r i a b l e
-  DUMMY V A R I A B L E
-  MA XI MUM E N G I N E  TORQUE ( NM)
-  ARRAY S T O R I N G  E N G I N E  FUEL  FLOW DATA ( K G / H R )
-  COUNTER
-  DATA USED TO I N D I C A T E  P O S I T I V E  POWER FLOW
-  I T E R A T I O N  c o u n t e r
-  I N P U T  D E V I C E  NUMBER
-  OUTPUT D E V I C E  NUMBER
-  DATA FOR COMP A RI S ON WI T H  I T Y P E




E P I C Y C L I C  GEAR ( P L A N E T  C A R R I E R  
TOOTH NUMBERS ( ANNUL AR RI NG
( SUN
c o u n t e r












































MF CM -  





TAUC1 -  
T A U R -  
TAUS -  
TE
TEARR - 


















X P L î M -
L O G I C A L ;  =TRUE I N D I C A T E S  OPERATI NG I f ]  H Y D ROME C H AM I C A L MODg 
F S T I MA T P n  POWER FROM ENG’ I NE ( SHUNT)
POWER REQUI RED TO DRI VE LOAD ( SHUNT)
L O G I C A L :  =TKUE I N D I C A T E S  RESULTS WRI TTEN TO OUTPUT DEVI CE 
TEMPORARY STORE
t e m p o r a r y  s t o r e
e s t i m a t e d  PLANET CARRI ER TORQUE NM 
ANNULAR RI NG TORQUE NM 
SUN TORQUE NM 
ENGI NE TORQUE ( NM)
ARRAY STORI NG e n g i n e . TORQUE DATA ( N i l )  ;
ARRAY STORI NG MAXI MUM FMGI NE TORQUE DATA ( NM)
PUMP t o r q u e  ( NM)
ESTI MATED ANNULAR RI NG TORQUE NM 
ENGI NE SPEED ( R A D / S )
ARRAY STORI NG ENGI NE SPEED DATA ( R E V / M I N )  
p l a n e t  c a r r i e r  SPEED RAD/ S  
LOAD SPEED RAD/ S  
MOTOR SPEED-  ( R E V / M I N )
PUMP SPEED RAD/ S 
ANNULAR RI NG SPEED RAO/ S 
SUN SPEED RAD/ S
f r a c t i o n  OF m a x i m u m  MOTOR SWASH ANGLE 
STORED VALUE OF XM ■ •
FRACTI ON OF MAXI MUM PUMP SWASH ANGLE
TEMPORARY STORES USED 
I N THE I T E R A T I V E  DE T E RMI NAT I ON 
OF XM • , '
PUMP d i s p l a c e m e n t  -l i m i t
DI MENSI ON ET MAX( 5 ) , WEARR( 5 ) , T E A R P ( 1 0 ) , F FARR ( 1 0 , 5  ) 
c o m m o n  D P , V R P , C S P , C C F P , C V F P , X P , P P , T A U P , W P , 0 ,
A DM, VRM, CSM, C C F M , C V F M , X M , P M , TA UM, WM,
B P L O S S , T E M P , V I  S C , V I S C K , E M , 00
L OGI CAL  MECf!  , r i t e , LOOP
S W( DUM1 , D U M 2 ) = A T A N 2 ( D U M 1 * S I N ( D U M 2 * 0 . 0 1 7 4 5 3 3 ) ,
A C O S ( D U M 2 + 0 . 0 1 7 4 5 3 3 ) ) 7 0 . 0 1 7 4 5 3 3  
0 . 0 1 7 4 5 3 3  CONVERTS DEGREES TO RADI ANS
203 C ENGI NE DATA;
204 C ENG IMF. SPEED ( R E V / M I N )
205 DATA WEARR/
206 A 6 0 0 . 0 , 1 0 0 0 . 0 , 1 5 0 0 . 0 , 2 0 0 0
207 c ENGI NE TORQUE ( NM)
208 DATA TEARR/
209 A 1 0 0 . , 2 0 0  . , 3 0 0  . , 4 0 0 . , 5 0 0 .
210 c MAX ENGI NE TORQUE ( NM)
211 DATA ETMAX/
212 A 6 8 6 . , 8 4 2 . , 1 0 1 0 . , 9 9 0 . , 8 9 0
213 c ENGI .NE FUEL FLOW ( K G / H R )
214 DATA FFARR/
215 A 2 . 4 , 4 . 0 , 5 . 5 , 7 . 1 , 8 . 9 , 1 0 . 6
216 B 3 . 4 , 5 . 6 , 7 . 8 , 1 0 . 0 , 1 2 . 0 , 1 4
table 1. Cont'd.
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? 17 c 5 . 4 , S.R,1Z,ü,15. 2 , 17 . : , 20 .6 ,23 .5 ,26 .6 ,30 .0 ,35 .0 ,
2 1 8  D 9 . 0 , 1 3 . 0 , 1 7 . 0 , 2 1 . 0 , 2 4 . 5 , 2 8 . 1 , 3 1 . 8 , 3 6 . 0 , 4 0 . 5 , 4 5 . 7 ,
2 1 9  E 1 5 . 0 , 2 0 . 0 , 2 5 . 1 , 3 0 . 6 , 3 6 . 1 , 4 1 . 0 , 4 6 . 0 , 5 1 . 3 , 5 6 . 0 , 6 1 , 5 /
2 2 0  C
221 DATA I S T A R , I D L A N K / ' * ' , '  ' /
2 2 2  DATA I S / ’ S ' /
2 2 3  I N= 5
2 2 4  1 0 =6
2 2 5  R E A D ( I 8 ' . 1 0 1 5 ) I T Y P E
2 2 6  C MECHANI CAL  T R A NS MI S S I ON DATA '
2 2 7  K E A D ( I N , 1  0 0 0 )  I I I  , I T 2 ,  I T 3 ,  I T 4 ,  I T 5 ,  I T 6 ,  I T7. -  I T S ,  I TR
2 2 8  RE AD ( I N ,  1 0 0 5  ) FI  , F2 , F3 , F4 , F 5 , F 6 , E7 , E 5 , F P , PR, F C
2 2 0  R E A D ( I N , 1 0 2 5 ) C 1 , C 2 , C 3 , C 4 , C 5 , C 6 , C 7 , C S , C R , C C
2 3 0  I T P = ( I T R - I T S ) / 2
231 C HYDROSTATI C TRA NS MI S S I ON DATA
23 2 Rf . ADCI N,  101 0 ) D P , S WP M A X , S WP M I N ,  VRP
2 3 3  R E A D ( I N , 1 0 1 0 ) D M , S W M M A X , S W M M I N , VRM
234  R E A D ( I N , 1 0 1 0 ) C 5 P , C C F P , C V F P , C S M , C C F M , C V F N 1
235  R E A D ( I N , I C I  0 )  PLOSS, PMAX
2 3 6  C‘ OTHER DATA FOR TRA NS MI S S I ON A NA L Y S I S  
23 7 R E A D d M ,  1 0 1 0 ) T E M P , V I S C ,  V I S C K ,  EM
2 3 8  C
2 3 9  I F ( I T Y P E . E Q . I S ) G 0 T 0  3 3 0 0
240 W R I T E ( 1 0 , 2 5 0 0 )
241 GOTO 3 4 0 0
242 3 3 0 0  W R I T E ( 1 0 , 2 5 5 0 )
243 34 00 WRI f E (  1 0 , 2 0 0 0 ) I T 1 » F I , C 1 , I T 2 , F 2 , 0 2 , I t 3 , F 3 , C 3 , I l 4 , F 4 , C 4 ,
244 A I t 5 , F 5 , C 5 , I T 6 , F 6 , C 6 , I T 7 , F 7 , C 7 , I T S , F S , C S , F C , C C , I T R , F R , C R , I T P , F P
245 W R I T E ( I  0 , 2 0 0 5  )
246  W R I T E ( l O , 2 0 l O ) n P , S W P M A X , S W P M I N , V R P , C S P , C C F P , C V F P
247 W R I T E ( 1 0 , 2 0 1 5 )
2 4 8  W R I T E ( 1 0 , 2 0 1 0 ) D M , S W M M A X , S W M M I N , V R M , C S M , C C F M , C V F M
249 W R I T E ( I O , 2 0 3 0 ) T E M P , V i s e , V I S C K , E M , P L Q S S
250 C
251 C 0 N 3 T 1 = 2 . 0 * 3 , 1 4 1 5 9 / 6 0 . 0
252 B 0 = ( 1  . 9 6  + 0 . 1 5 * A L O G I C ( V I S C K ) ) * 1  0 . 0 * * ( 0 . 0 0 1 9 * ( 2 0 , 0 “ T E M P ) ) * 1 . C c 3
253 A - 0 . 5 6 * 6 9 0 . 0
254 W R I T E ( 1 0 , 2 0 4 0 ) UO, TEMP
255 C CONVERT PM IIP 8 MOTOR DI SPL ACEMENTS TO M3 / RAD
256 DP = [ )P*1 . O E - 3
257 DM=d M * 1 . 0 E - 3
258 C CONVERT P I P E  LOSS TO P A / ( M 3 / S ) 2  & MAX PRESSURE DI FFERENCE TO PA
259 P L O S S = P L O S S * 1 . O e 1 2 • .
260 P M A X = P M A X * 1 , 0 E 6
261 0 0 = 0 0 * 1 . 0E6
262 T 1 = I T 1
263 T 2 = I T 2  .
264 T 3 = I T 3
265 T 4 = I T 4
266 T 5 = I T 5
267 T 6 = I T 6  *
268 T 7 = I T 7
269 T S = I T S
270 . T R = I T R
TABLE 1. Cont'd
■3 31
271 T P = 1 T P  • . '
2 7 2  C ENGI NE DATA
2 73 PEAO(  I N , 1 0 ? 0 ) W E ’ 1 I N, WEMAX,  WESTEP,  WMLI M,  WPLI M
2 7 4  . W i a r i  = W* l L I f l * C( ) NST l
2 7 5  WPL I M = l i P L i : i * C O N S T l
2 7 6  C NUMBER OF SETS OF DATA
2 7 7  R E A D ( I N , 1 0 3 0 ) NÜSET
2 7 8  DO 5 0 0 0  1 = 1 , NOSET
2 79 RE A DC I N ,  1 0 4 0 ) T A U L , W L M I N , W L M A X , W L S T E P , T O L , T A U T O L
2 8 0  W R I T E ( I O ; 2 0 8 0 ) T A U L
281 WLREV=WLMI N
2 8 2  321 0 WRI TE ( 1 0 , 2 0 5 0 ) WLREV
283  R I T E = . F A L S E .
2 8 4  WL = - WL REV* C0 NST 1
2 8 5  C WRI TE COLUMN HEADI NGS
2 8 6  W R I T E ( 1 0 , 2 0 6 0 )
2 8 7  3 3 6 0  WEREV=WEMI N
2 8 8  C OBT AI N MAXI MUM ENGI NE TORQUE A V A I L A B L E  AT T H I S  SPEED
2 8 9  3 1 9 0  CALL I N T R P I ( WEREV, T E MA X , WEARR, E T MAX, 5 )
2 9 0  C c o n v e r t  ENGI NE SPEED TO RAD/ S  ' '
291 WE=WEREV* C0NST1
29 2  I F ( - T A U L * W L / W E . v E , T E M A X ) G O T O  3 0 8 0
2 9 3  I f ( i t y p E . E Q . I 5 ) G ' 0 T Ü  3 3 8 0
294  WS= T 7 + W L / T 6
29 5 T A U S = ~ ( T A U L - F 7 * W L ) * ( 1 ~ C 7 * S I G M ( 1 . 0 , T A U L * W L ) / /
2 9 6  A ( 1 « C 6 * S I G h ( 1 . 0 , T A U L * W S ) ) * T 6 / T ? - F 6 * W S
2 9 7  W P = - W E * T 1 / T 2
2 9 8  C HYDROSTATI C MODE
2 9 9  M E C H = . F A L S E .
3 0 0  W M = - T S * WS / T 4  '
301 I F ( A B S ( W M ) . G T . W M L I M ) G 0 T 0  3 0 0 0  ^
3 0 2  T A U M = ~ ( T A U S - F S * W S ) + ( 1 - C 5 * S I G N ( 1 . 0 , T A U S + W S ) ) /
3 0 3  A ( 1 - C 4 * S I G N ( 1 , 0 , T A U S * W M ) ) * V 4 / T 5 - F 4 * W M
304 XM=1 .
3 0 5  c a l l  HYSTAT
3 0 6  C I F  m a x  ’ PUMP’ DI SPL ACEMENT EXCEEDED,  TRY FOR SOL UTI ON I N
3 0 7  C HYDROMECHANI CAL MODE
3 0 8  I F ( X P . G T . 1 . 0 ) G O  TO 3 0 0 0
3 0 9  C I F  MI N ' P l i M P '  DI SPL ACEMENT EXCEEDED,  TRY FOR SOL UTI ON FOR XM BY
31 0  C I T E R A T I O N
311 I F ( X P .  ' . T . - 1  . 0 )  GOTO 3 0 1 0
312  I F ( A B S ( P P ) . G T . P M A X . O R . A B S ( P M ) . G T . PMAX) GOTO 3 0 0 0
313  3 1 8 0  TAUC=0 /  .
314 W P = - W E * T 1 / T 2
315 WC = WE * T 1 / T 3
316  T A U = ( - T A U P - F 2 * W P ) * ( 1 + C 2 * S I G N ( 1 , 0 , T A U P * W P ) ) * T 1 / T 2
317  A + F 3 * W C * ( 1 - C 3 ) * T 1 / T 3
31 8  T A U E = T A U / ( 1 - c 1 * S I G N ( 1 . 0 , T A U * W E ) ) + F 1 * W E
319  3 0 2 0  I F ( T A U E , G T . T E M A X ) G O T O  3 0 7 0
320 3 7 5 0  TE=TAUE
321 I F ( T A U E . L T . 0 . ) T £ = 0
322 SWP=3 W( XPf SWPMAX)
323 SWM=SW( XM, SWMMAX)
324 P P = P P * 1 . 0 E - 6
TABLE 1. Cont'd.
T32 1
3 2 5  P M = P M * 1 . 0 E - Ô  • .
3 2 6  0 = 0 * 1  . 0E3
3 2 7  I O F N T = I B L A M K
3 2 8  Ï F ( A B S ( W P * T A U P ) . L T . 1 . 0 [ - 5 ) G O T O  3 U3 0
3 2 9  r T A H Y = T A U M * W M / ( - U P * T A U P )
3 3 0  l F ( A n S ( E T A I l Y ) . G T . 1 . ) G 0 T 0  3 0 4 0
331 GOTO 3 0 5 0
3 3 2  3 0 3 0  CTAHY=0
3 3 3  GOTO 3 0 6 0  , ■ ‘ •
3 3 4  3 0 4 0  F.TAHY = 1 / F T A H Y  '
335 3060 I ! ) b î j T  = ISTAP.
3 3 6  3 0 5 0  f T A i l Y  = E T A H Y * 1 00
3 3 7  CALL I N T P P 2 ( T E , W E R E V , F F , T E A R R , W E A R R , F F A R R , 1 0 , 5 , 1 0 , 5 )
3 3 8  1 F ( A O S ( T A U L * W L ) . G T . 1 , O E - 5 ) G O T O  4 0 8 0
3 3 9  S F C = 1 . 0 E 1 0
3 4 0  GOTÜ4090
341 4 0 8 0  S F C = F F / ( - T A U L * W L ) * 1 0 0 0
3 4 2  4 0 9 0  UMREV = i ; M / C n N 5 T l  , ' ' .
3 4 3  S F C C 0 N = S F C * 1 , 6 4 4
3 4 4  • E T A t R= T A U L * W L R E V / ( T A U E * U E R E V ) * 1 00
3 4 5  I F ( E T A T R . G T . 1 ü 0 , . O R . E T A T R . L T . 0 . ) E T A T R = 0 .
3 4 6  I F ( F F . L E . O . O ) G O T O  4 1 0 0
3 4 7  ETASYS = - T A i J L * W L / ( F F * 1  . 2 E 4 ) * 1 0 ü
34 8 I f c e t a s y s . g t . i 0 0 . . o r . e t a s y s . L T . 0 . ) E T A S Y S = 0 .
3 4 9  GOTO 4 2 0 0
3 5 0  4 1 0 0  ET ASY5 = 0
351 4 2 0 0  U R I T E ( I O , 2 9 0 0 ) W E R E V , S W P , S W M , T A U E , Q , P P , P M , T A U P , T A U M , W M R E V , E T A H Y
3 5 2  A l D E N T , T A U C , E T A T R , F F , S F C , S F C C O N , E T A S Y S
3 5 3  R I T E = . T R U F .
5 5 4  I F ( I T Y P E , E 0 . I S ) G 0 T 0  3 0 8 0  ,
3 5 5  3 0 7 0  I F ( MC CH ) GOT O 3 0 3 0  ;
3 5 6  C HYDRQMECHANI CAL MODE
3 5 7  3 0 0 0  MECl l  = , T R U E .
3 5 8  W C = W E * r i / T 3
3 5 9  CALL E P I C ( T A U 3 , T A U C , T A U R , 1 , WS, WC, WR, 3 , F S , F C , F R , F P , CS, C C U R ,
3 6 0  A 0 , 0 , 0 , 0 , T S , T R , 0 , 0 , 0 )
361 Û M = - t 5 * U R / T 4
3 6 2  I F ( A P . S ( U M)  . G T . W M L I M ) r , 0 T 0  3 0 3 0
363  TAUm = T 4 / T 5 * T A U R * ( 1 + C 5 * S I G N ( 1 . 0 , T AUR* WR) ) /
36 4  A ( 1 + C 4 * S I G N ( 1 . 0 , T A U R * W M ) ) - F 4 * W M
365 XM=1 .
3 6 6  CALL î I YSTAT
36 7  I F C X P . G T . I . 0 ) G 0 T 0  3 0 9 0  ' ’ ,
368 1F (XP . L T. - 1 .0 )G O TÜ  3010
36 9  I F ( A n S ( P P ) . G T . p : i A X . 0 R . A B S ( P M ) . G T . P M A X ) 6 0 T 0  3 0 8 0
370  31 70 WP = - ' , ) E * T 1 / T 2
371 T A l ) = ( - T A U P - F 2 * W P ) * ( 1  + C 2 * S I G N ( 1 . 0 , T A U P * W P ) ) * r i / T 2
372 A + ( T A U C + F 3 * W C ) * ( 1 + C 3 * S I G N ( 1 . 0 , T A U C * W C ) ) * T 1 / T 3
373 TAUE = TA1I /  ( 1 ~ C 1 * S I G N ( 1  . 0 , T A U * W E ) )  + F1*WE
374 GOTO 3 0 2 0
575 C EST I MATE XM,  ASSUMI NG NO FLOW LOSSES
376 301 0 XM = - P P * W P / ( DM*WH)
377 X P L I M = - 1 . 0
378 GOTO 3 8 5 0
table 1. Cont'd.
333
3 7 9  C CHECK FOR F I X E D DI S P L A CE ME NT  MOTOR
3 8 0  3 0 9 0  I F ( S W M M I N . [ 0 . SWMMAX)GOTO 3 0 8 0
381 X M= D P * WP / ( D M* WM)
3 8 2  X P L I M = 1 . 0
3 8 3  C
3 8 4  C I T E R A T I V E  D E T E R MI NA T I ON OF XM
385 c
3 8 6  3 8 5 0  CALL  HYSTAT
3 8 7  KOUNT=0
3 8 8  I F (A O S ( X P - X P L I M ) . L T . ( T O L / 1 0 0 ) ) GOTO 3 1 5 5
3 8 9  XPO=XP
3 9 0  XMO=XM
391 C REDUCE XM BY 0 . 1
3 92 X M = X M - 0 . 1
3 9 3  CALL HYSTAT
3 9 4  I F ( A ü S ( X P - X P L I M ) . L T . ( T O L / 1 0 0 ) ) G O T O  3 1 5 5
3 9 5  XM1=XM
3 9 6  XP1 =XP
3 9 7  I F C X M I . E O . X M O G D T O  3 0 8 0
3 9 8  3 1 6 5  S L = ( X P - X P 0 ) / ( X M 1 - X M 0 )
3 9 9  I F ( S L - E Q . 0 . 0 ) GOTO 3 0 8 0
4 00 K0 UNT =K 0 UNT+ 1
401 X M = ( X P L I M - X P ) / S L + X M
4 0 2  CALL HYSTAT
4 0 3  I F ( A b S ( X P - X P L I M ) . L T . ( T O L / 1 0 0 ) ) G O T O  3 1 5 5
4 0 4  I F ( K O U N T . G E . 1 0 ) G O T O  3 1 5 5
4 0 5  XP0=XP1
4 06 XM0=XM1
4 0 7  XP1 =XP
4 0 8  XM1=XM '
4 0 9  g o t o  3 1 6 5  ' -
4 1 0  3 1 5 5  I F ( I T Y P E . E O , I S ) G O T O  3 1 5 0
411 SWM- - SU( XM,  SWMMAX)
4 1 2  I F ( S U M . L T . S W M M I N . A N D . X P L I M . E Q . - 1 . 0 ) G O T O  3 0 8 0
4 1 3  I F ( A B S ( P P ) . G t . P M A X . O R . A O S ( P M ) . G T . P M A X ) G O T O  3 0 8 0
4 1 4  I F ( ME C H ) G O T O  3 1 7 0
4 1 5  GOTO 3 1 8 0
4 1 6  3 0 8 0  WEREV=WEPEV+WESTEP
4 1 7  I F ( W E R E V . G T . w e i ; AX) GOTO 3 2 0 0
4 1 8  GOTO 3 1 9 0
4 1 9  3 2 0 0  I F ( R I T E ) G O T O  3 2 2 0
4 2 0  W R I T E ( 1 0 , 2 9 1 0 )
421 3 2 2 0  WLRLV=WLPEV+WLSTEP
4 2 2  CALL CPUTÎ M
4 23 I F ( WL R E V . GT . WL MA X ) GOT O 5 0 0 0
4 2 4  GOTO 3 2 1 0
4 2 5  C
4 2 6  C
4 2 7  C
4 2 8  C SHUNT T R A N S MI S S I O N
4 2 9  C
43 0 3 3 8 0  PWROUT=TAUL* WL
431 P W R I N = - P W R O U T / 0 , 9
4 3 2  WC=WL
TABLE 1. Cont’d.
334
433  W P = - T 6 / T 5 * W L
434 I FCABSCJP)  , G T . WP L I f l ) G O T O  3 0 8 0
435 W R = - W E * T 1 / T 2
43 6  W S = ( 1 + T R / T S ) * W L - T R / T S * W R
437  w n = - W S * T 3 / T 4
458 l F ( A P S ( W t ! ) . G T . W M L l M ) G O T O  3030
439' L u C P = . F A L S E .
440  X P L I I '  = 0 . 0
441 IC01JNT = 0
442 TRGESS=PWRI N/ wP
443 TAUS = TRG, ESS* TS/ TR
444 TAUM = T A I ) S * T 4 / T 3
445 GOTO 3 9 1 0  '
4 46 33 0  0 CALL E P I C ( T A O S , T A U C , T A U R , 2 , W S , W C , W P , 0 , F S , F C , F R , F P , C S , C C , C R ,
447 A 0 , 0 , 0 , 0 , T S , T R , 0 , 0 , 0 )
44 8 T A U M = ( T A U S + F 3 * W S ) * ( 1 + C 3 * S I G N ( 1 , 0 , T A U S * W S ) ) /
440  A (1 + C4 * SI G. N( 1  . 0 , T A U S * W M )  ) * T 4 / T 3 - F 4 * W M
450 3 9 1 0  r r ( X P L I M . E O . - 1 . 0 . A N D . L O O P ) G O T O  3 9 0 0
431 X M = - 1 . G  . .
452 ■ CALL HYSTAT
453 I F ( X P . L E . 1 . 0 . A H D . X P . G E . - 1 . 0 ) G O T O  3 1 5 0
454 I F ( X P . L T . - 1 . 0 ) X P L I M  = - 1  . 0
455 I F ( X P . G T . 1 . 0 ) X P L I M = 1 . 0  z '
456 C
457 C I T E R A T I V E  DETERMI NAT I ON OF XM
453 C :
I 459 I F ( L O O P ) G O T O  3 9 0 0
* 460 C ESTI MATE XM,  ASSUMI NG NO FLOW LOSSES
461 X M= X P L I M+ D P * WP / ( D M* WM)
462 GOTO 3 9 9 0  '
463 3 9 0 0  XM = XMMEM ' .
464 3 9 9 0  SWM = SW( XM,  SWi r i AX)
465 I F ( S WM . L T . S W M M I N . A N D . X P L I M . E Q . - 1  - 0 ) GOTO 3 0 3 0
466 I F ( S W M . L T . S W M M I N . A N D . X P L I M . E O . ~ 1 . 0 ) G O T O  3 0 8 0
467 GOTO 3 8 5 0
468 3 1 5 0  T A U C 1 = ( T A U L - W L * F 6 ) * ( 1 - C 6 * S I G N ( 1 . 0 , T A U L * W L ) ) + t 6 / T 5 *
469 A ( T A U P + W P * F 5 ) * ( 1 + C 5 * S I G N ( 1 . 0 , T A U P * W P ) )
470 I F ( ABS ( T A I ' C I - T A U C )  . LT , T AUTO L /  1 0 0 *  TAu C) GOTO 39  50
471 I COUNT= I COUNT+1
472 I F ( l C O U N T . G T . l O O ) G O T O  3 0 8 0
473 L OOP= . TRUE.
474 TAUC= ( T A> ‘ C 1 + T A U C ) / 2
475 XMMEM=XM ' .
476 GOTO 3 8 0 0
477 3 9 5 0  I F ( A 3 S ( P P ) . G T . P M A X . 0 R . A B S ( P M ) . G T . P M A X ) G 0 T 0  3 0 8 0
478 TAUE = ~T1 / T 2 * T A U R * ( 1  + C 2 * S I G N ( 1  . 0 , TAUR*WR ) ) /  ( 1 + C1 * S I GM ( 1 , 0 , TA' JR*WE ) )
479 A +F1* WE
480 I F ( T A U E . G T . T E M A X ) G O T O  3 0 8 0
4k1 GOTO 3 7 5 0  -
482 5 0 0 0  c o n t i n u e
4H3 STOP
454 1 00 0  FORMAT ( 9 1 0 )
455 1 005  F O R M A T d l  FO. O)  '
456 1 0 1 0  FORMAT ( 3E1  0 . 3 )
"̂ ABLE 1. Cont ’ d .
333 n
487 1 0 1 5  FORMAT( A l )  ' "
488 1 0 2 0  FORMAT( 3 FO. O)
489 1 0 2 5  F O R M A T ( I O F O . O )
490 1 0 3 0  F O R M A T ( I C )
491 104  0 FORMAT( 6 FO. O)
492-  2 0 0 0  F O R M A T ( ' O ' , 5 X , ' G E A R  S I Z F S  8 L O S S E S ' / /
493 A 3 X , ' G C A P  TEETH VI  SC LOSS ( N M . S / R A O )  TORQUE DEP L O S S ' /
494 B 4 X , ' 1 ' , 5 X , I 3 , 1 1 X , F 8 . 5 , 1 0 X , F 8 . 5 /  4 X , ' 2 ' , 5 X , I 3 , 1 1 X , F 8 . 5 , 1 C X , F 8 . 5 /
495 C 4 X , ' 3 ' , ^ X , I 3 , 1 1 X , F 8 . 5 , 1 0 X , F 8 . 5 /  4 x , ' 4 ' , 5 x , 1 3 , 1 1 X , F « , 5 , 1  O x , Fo . 5 /
496 D 4 X , ' S ' , 5 X , I 3 , 1 1 X , F 8 . S , 1 0 X , F 8 . 5 /  4 X , ' 6 '  , 5 X . Ï 3 , 1 1 X , FO. 5 , 1 0 x , FS , S /
497 E 4 X , ' 7 ' , 5 X , I 3 , 1 1 X , F R . 5 , 1 0 X , F C . 5 /  5 X , ' E P I C Y C L I C ' /
498 F 3 X , ' S U N ' , 4 X , I 3 , 1 1 X , F 8 . 5 , 1 0 X , F 8 . 5 /  2 X , ' CARR I E R ' , 1 5 x , F 8 . 5 , 1  O x , F 8 , 5/
499 G 3 X , ' R I N G ' , 3 X , I 3 , 1 1 X , F 8 . 5 , 1 0 X , F 8 . 5 /  3 X , ' P L A N E T ' , I 4 , 1 1 X , F % . 5 / / / )
500 2 0 0 5  F O R M A T ( ' 0 ' , 5 X , ' H Y D R O S T A T I C  PUMP D A T A ' / / )
501 201 0 FORMAT(1 OX,  ' MAXI MUM D I S P L A C E ME N T / RADI  A N ' , 8 X , ' = ' , 4 X , 1  PE 1 0 . 3 , 4 X ,
502 A ' L I T R E / R A D ' / I  OX,  ' MAXI MUM SWASH PLATE A N G L E ' , 1 0 X , '  = ' , 4 X , 1 P E 1 0 . 3 ,
503 B 4 X ,  ' D E G ' / I O X ,  ' M I N I M U M  SWASH PLATE AN G L F: ' , 1 0 X , ' = ' , 4 X , 1 P E1 0 . 3 , 4 X ,
504 C ' D E G ' / I O X ,  ' VOLUME RA T I O ( R E S I D U A L  TO MA X ) ' 5 X , ' = ’ , 4 X , 1 PE 10 . 3 /
505 . • D I O X , ' S L I P  LOSS C O E F F I C I E N T ' , 1 4 X ,  ' = ' , 4 X , 1 P E 1 0 . 3 /
506 El  OX,  ' COULOMB F R I C T I O N  LOSS C O E F F I C I E N T  = ' , 4 X , 1 P E 1 0 . 3 /
507 F1OX,  ' V I S C O U S  F R I C T I O N  LOSS C O E F F I C I E N T  = ' , 4 X , 1 P E 10 • 3 / / / )
508 2 0 1 5  F O R H A T ( ' O ' , 5 X , ' H Y D R O S T A T I C  MOTOR D A T A ' / / )
509 2 0 3 0  F O R M A T C O ' , 5 X ,  ' a d d i t i o n a l  HYDROSTATI C T RA NS MI S S I ON D A T A ’ / / /
510 A l O X f ' O l L  T E M P E R A T U R E ' , 2 0 X , ' = ' , : X , F 5 . 2 , 9 X , ' D E G C ' /
511 B 1 O X , ' A B S O L U T E  V I S C O S I T Y  OF 01 L ' , 1 0 X . ' = ' , 4 X , F 5 .  2 , 9 j< , ' C P ' /
512 C 1 Ox ,  ' K I N E M A T I C  V I S C O S I T Y . O F  0 I L ' , 9 x , '  = ' , 4 X , F 5 . 2 , 9 X ,
513 .D ' GST AT 20 D E G C ' /
514 E1OX,  ' E M P I R I C A L  V I S C O S I T Y / P R E S S U R E  CQEFF = ' , 4 X , 1 P E 10 . 3 /
515 F 1 O x , ' P I P E  L O S S ' , 2 6 X ,  ' = ' , 4 X , 0 P F 5 . 2 , 9 X , ' M P A . S 2 / I . I T R E 2 ' / )
516 2 0 4 0  FORMAT(1 OX,  ' O I L  BULK MODUL US' , 1 9 X , '  = ' , 4 X ,1 PEI  0 . 3 , 4X ,
517 A ' MPA AT ' , 0 P F 5 . 2 , '  D E G C ' / 6 4 X , ' %  ATMOSPHERI C P R E S S U R E * / / / )
518 2 0 5 0  F O R M A T ( ‘ 0 ' / / / 1 0 X , ' L O A D  SPEED = ' , F 8 . 1 , '  R E V / M I N ' )
519 2 0 6 0  FORMAT( ' O'  , ' WE' , S X , ' SWP' , 7 X , ' SWM'  , 6 X , ' T A U E ' , 8 X , ' Q ' , 8 X , ' P P '
520 A 8 X ,  ' PM’ , ^ X ,  ' T A U P * , 7 X ,  ' T A U M ' / 2 X ,  ' REV/ MI N ' , 4 X , ’ DEG ' , 7 X , ' DEG ' ,
521 13 7 X ,  ' NM ' , 6 X ,  ' L I T R E / 5  ' ,  4 X ,  ' M P A '  , 7 X ,  ' MP A '  , 1 OX,  ' NM'  , 9 X ,  • NM'  /  /
522 C 9 X , ' W M ' , 6 X , ' E T A H Y ' , 5 X , ' T A U C ' , 5 X , ' E T A T R ' , 7 x , ’ F F ' , 6 X , ' S F C ' ,
523 0 7 X , ' S F C ' , 9 X , ' E T A S Y S ' / 7 X , ' R E V / M 1 N ' , 5 X , ' % ' , 8 X , ' N M ' , 8 X , ,
524 E 7 X ,  ' K G / H R ' , 3 X ,  ' KG/ KWI I R L B / D H P H R ' , 8 X , ' % ' /  )
525 2 0 8 0  F O R M A T ( ' 1 ' , 1 0 X , ' LOAD TORQUE = ' , F 8 . 1 , '  N M ' / / / )
526 2 5 0 0  FORm A T C I  DUAL MODE T R A NS MI S S I ON S Y S T E M ' / / / / )
527 25 50 F O R M A T C I  SHUNT T RA NS MI S S I ON S Y S T E M ' / / / / )
528 2 9 0 0  F O R M A K  • 0 ’ , F 7 . 1  , 2 F 9 . 1  , F 1 1 . 1 , 3 f 1 0 .  2 , 2 F 1 1  . 1 /  6 x  , 2 F 8 . 1  , Al  , 2 F 9 . 1 ,
529 A 3 F 1 0 . 3 ,  F 1 2 . 1  ) •
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COMPUTER PROGRAM DOCUMENTATION FOR SUBROUTINE EPIC
Model of Epicyclic Gearbox
Library Classification 
BENG(F)EPIC.023.01
FORTRAN IV ICL 450 November 1973
No Special Hardware Requirements
Author K A Edge ,
}
Summary
The program simulates the steady state or dynamic characteristics 
of the epicyclic gearbox illustrated in Fig.2. Losses are assumed to 
occur as a result of speed dependent friction and also sliding 
friction between both surfaces. The dynamic performance is calculated 
on a pseudo steady state basis.
No Associated Subroutines
Input/Output Information
All input and output information is transferred via the argument list
CALL EPIC (TAUS, TAUC^ TAUR, IDTAU, WS, WC, WR, IDW, FS, FC, FR,






















- Torque as sun Nm
- Torque at planet carrier Nm
- torque at annulus (ring) Nm
- torque identifier (steady state analysis only):
= 1 ,  TAUS is defined, TAUR & TAUC are calculated
= 2, TAUC is defined, TAUS & TAUR are calculated
= 3, TAUR is defined, TAUS & TAUC are calculated
- speed of sun rad/s
- speed of planet carrier rad/s
- speed of annulus (ring) rad/s
- speed identifier (steady state analysis only) 
= 1 , WC & WR defined, WS calculated
= 2, WS & WR defined, WC calculated ^
= 3, WS & WC defined, WR calculated
sun
speed dependent ) planet carrier
friction loss ] annulus (ring)
coefficients I planets
Nms/rad
t o r q u e  d e p e n d e n t
r
s u n
f r i c t i o n  l o s s  ^ e q u i v a l e n t  p l a n e t l o s s  a t  c a r r i e r
c o e f f i c i e n t s ^  a n n u lu s  ( r i n g )
t o t a l  i n e r t i a ^  s u n
o f  g e a r ( s )  a n d j  c a r r i e r r e a l
c o m p o n e n ts  o n I a n n u lu s  ( r i n g ) v a r i a b l e s
















For steady state analysis put JS = JC = JR = JP = 0
(all variable names conform to standard Fortran IV conventions unless 
otherwise stated).
Limitations
The specified torque must be on an output shaft. The following sign 
convention must be observed; '
Power out is negative 
Power in is positive
No inbuilt error messages
Storage 2760 bytes
Notation
























Total inertia of carrier and components on carrier
shaft - Kgm^
Total inertia of all planets - Kgm^
Total inertia of annulus (ring) and components on
annulus shaft - Kgm^
Total inertia of sun and components on sun shaft Kgm^
Power at gear A 
















^  ■ gear A ............................
gear B 
carrier
planet (with respect to casing) 







planet (with respect to casing) 

















pP ■“ . Force on ring
F^ - Force on carrier at centre of planet
Force on sun
Theory
S te a d y  State Analysis ..............
Consider a simple gear train (Fig. 1) 
The speed ratio is given by:
“a
“b h
ana, assuming no torque loss, the torque ratio by
" b  ^ B
(1)
(2)
However, the torque than can be transmitted through the gear train 
will be reduced as a result of both speed dependent friction and 
also sliding friction at the gear teeth.
With both sliding and speed dependent friction, the general torque 
equation is:
( "A - 7  - 7  =S"(̂ A "A)) = 2A
( ■'b  " V b  ) ( ^  - S  )) ^ B
3 4 7
Now, consider an epicyclic gear box (Fig. 2) 
From kinematic considerations :
(3)
and (Op' _ R̂~̂ R Ŝ~̂ S (4b)
Thus, from two specified shaft speeds, the other speed may be
calculated. The torque equation may be derived by taking moments
I
about points X and Y. (It must be noted that the torque equation 
is derived for the bearing arrangements shown in Fig. 2. Other 
configurations will modify the equations accordingly).
Moments about X:
Ring torque t planet carrier torque + sun corque - planet friction
torque loss = 0
Hence, ^F^--   sgn(cOp)|wp - - Cp sgn (TpWp)) rp
(=-4)+ I F p ------- j(l - sgn (T QÜ)^) )
\  /
(1 Cg sgn (Tg(Og)) rg (Opfp - 0
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or
+ (T g  - fg W g ) (1 - Cg Sgn ( t ^ o) ^ ) )
+ (Xg - fgWg) (1 - Cg sgn (TgCüg)) - (jûpfp = 0 (5)
Moments about Y:
^  j, _ f R  s g n ( w ^ )  | w ^  -  W g l j i  ^
1  - C r  s g "  < V r 7  r p  - f p “ p
R
= |Fc---- I (1 - Cg sgn (tgWg)) rp
S
Multiplying by ^
L r - fpSgn (wr) |wp, - WglXl - Cĵ sgn (TjIOĵ)) - fpUp ^
P r
= (Xg - fgWg)(1 - Cg sgn (XgWg)) —
or, in terms of tooth numbers.
(Xp - f^ sgn (wp) I Wp - Wgl )(1 - Cp sgn (XpWp)) - fpWp —
^ R
^ R= (Xg - fgWg)(l - Cg sgn (XgCOg)) —  (5)
349
solving (5) and (6) simultaneously.
+ (Tç. - f^üjç)(l - Cç sgn (XgCOg)) = 0  (7)
From equations (3), (5) and (7), for any given torque and two speeds, 
the other speed and two torques may be calculated.
Under certain circumstances, if the input torque to the epicyclic and 
all shaft speeds are known, it may be possible for the friction losses 
on the input shaft to be greater than the input torque available. No 
account of this has been taken in the computer subroutine, and 
consequently its use is restricted to solutions for specified output 
torque conditions only.
Transient analysis
The transient analysis is carried out on a pseudo steady-state basis. 
The instantaneous torque and speed conditions for the three shafts 
are used to calculate the accelerations.
With acceleration terms, equations (5) and (6) become,
'“ r(t^ - sgn (uip) |Wp - Wgl )(1 - Cp sgn (tpWp)) - JpW
+ ('I’c " fgWg)(l - Cg sgn (XgWg)) - JgW^
+ (Xg - fgWg)(l - Cq sgn (XqWq) ) ~ JqWq " W^f^ " J = 0 (S)
350
and.
(Tp - fp Sgn (Wp) IWp - WgI )(1 - Cp sgn (tpWp)) - JpWR
Wpfp \ \  -  j p w p  =  !
tp/ \ t p /  t (9)
Differentiating the speed equations, (3), (4a) and (4b) with respect 
to time, gives
Wg - * C
W R - * C
■R
(10)





^ ^ R L  '^R^R^ ^ P ^ P  I ) ^ p ^ p  ( ) ( ^ S L
^p/ V ? /
where tp^^ (tp - fp sgn (Wp) |mp - Wg| )(1 - Cp sgn (XpWp)) 
""CL = (""C - :^C - (^C ("'C^'C))
^SL = ('S - V s ) ( l  - Cgsgn ('g%))
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Solving equations (10), (11), (12) and (13) simultaneously gives;
( C ^  +  C2 t  C g  •+ C i| )
" S  -  ( ^ 3 +  ■ 's L  —  -  ^ P J , +  V p  ^  )
■ 1 .............. * t ç ..................... 'D
and û„ = (Wg + _R w )
« R  (4 )where Ci = Jg ~  + 2J R ^ S




C 4 = J ^  + J c ■R +
t R
P
A listing of the subroutine is given in Table 1 and a flow chart is 
presented in Fig.3.
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n R O C K  A M  I'PI C
I. li.iPAKY C L A S S !  FI C A T  T O :  - 
T I r  L c - M O D E L  Of F IM C Y C L I C  G L A R 0 0 X 
h C R T R A . O  IV I C L  s - b O  M O V  1 9 7 3  
jO S P E C I A L  i i A P O L A i  E R E Q li I K E M  E III S 
A U T H O R  ~ K . A . r / J G E
P U R P O S E  -  T O  S I M U L A T E  T H E  S T E A D Y  S T A T E  O R  P Y [ j A f : i C  P C R E O r  : : A : : C L  
O F  A: 1 E P I C Y C L I C  G E A R B O X  .
R E V I S I O N S -
U E T B U D  - ALi. T O R O O E  L O S S E S  A R E  A S S U M E D  T O  lO' PPQrO:ITl.,.,Al.
T O  S P E E D  A N D  T O  F : O U [ . T H E  D Y U A U i C  P t R F O R M A U C f  IS C A L C O l  I] R. 
O N  A P S E U D O .  S T E A D Y  S T A T E  B A S I S
S I G N  C O N V E N T I O N  : P O W E R  O U T  15 N E G A T I V E
P O W E R  I N  I S  P O S I T I V E
V A R I AT' L L S  T P A N  5 f E R R E D V I A A R G U L : : E M T L I S T ;
T A U S  - T O R O U E  A T  S U N  N U
T A U C  - T U R Q U E  A T  P L A N E T  C A R R I E R  N M
T A U R  - T u R O U E  A T  A N N U L A R  R I N G  N M
I D T A U  -  T U R Q U E  I D E N T I F I E R  ( S T E A D Y  S T A T E  A N A L Y S I S  O N L Y ) :
I i) T A-U = 1 , T A U S  IS d e f i n e d , 1 A 1 ' [' c T A U C  AFT: C A L C U L A T E D
I D T A U  = T A U C  IS  D E F I N E D , T A U 5 G T A U R  A^'-r C A L C U l A T L f )
1 D T A U = 3 , T A U R  IS D E  FI N E D , T A U S 2 T A U C  A R E  c a l c u l a t e d
W S - S P E E D I S U N P A D !  S
W C ~ S P C L D O F  1'L A  N E T  C A R K Î L R R A i) / 5
W R - S P E E D Of . A N N U L A R  R I N G
1 D W -  S P E E D I D E N T I F I E R  ( S T E A D Y S T A I L A- ’A L Y S I S  O N L Y  ) :
1 D W = 1 , W C  G W R  A R E  D E E  IN i: i) , U S IS C A L C U L A T E D  1
I  f) U = 2 , W S  G U P  A R E  D E F I N E D , W C I 5 C A L C U L A T E ' ^  j
1 P U = 3 , U S  & W C  A R E  O E F I N E D , W R I S  C A L C U L A T . - ’'
I S  -  V I S C O U S  F R I C T I O N  A T  S U N  G E A R I N G  N M . S / R A O
F C  -  V I S C O U S  r f U C T l O N  A T  P L A N E T  C A R R I E R  B L A R I N G  N
F R  -  V I S C O U S  F R I C T I O N  A T  A N N U L A R  R I N G  B E A R I N G  Î N ' . S
P L A N E T  H E A R I N G S  R M .  
(  S U N  
( C A R R I E R  
( R I N G
S H A F T  K G . M 2
F P ~ T O T A L  V I S C O U S  F R I C T I O N A
C S ) T u R Q U E
C C ) P E P F N D r N T  L O S S
C R ) C O E F F I C I E N T
J S - T O T A L  I N E R T I A  O F S U N R C
j C - T O T A L  I N E R T I A  O F C A K R 1 E R
J R _ T O T A L  I N E R T I A  O F R I l i  S 7,
J P ~ t o t a l  I . N E R T I A  O F A L L P L A
T S ) N O .  o r  ( S U N
.  5 /  R A ')
R A D





T E E T H  (  R I N G
A C C E L E R A T I O N  O F  S U N  S H A F T  R A P / 5 2  
A C C E L E R A T  I  O N  O F  C A R R I E R  S H A F T  I ' A E / E ?  
A C  C E L E R \ T I 0 N  O F  R I N G  o ü A f i  R A D / S 2
F O R  S T E A D Y  S T A T E  A N A L Y S I S  P U T  J S  =  J C =  J R =  J P =  0
T H E  S P E C I F I E D  T O R Q U E  M O S T  B E  O N  A N  O U T P U T  P O W E R  S H A F T
F O R  D Y N A M I C  P E R F O R M A N C E  A L L  S P E E D S  A N D  T O R Q U E S  , M U S  I Of  L F 1 !. I: P '
V A K I A P L E .  n a m e s  ( e x c l u d i n g  V A R I A B L E S  ( P A N S  F E R R E D  V I A \  G U > M L N T I :  S T ) :
. P -  B A S I C  E P I C Y C L I C  G E A R  P A T I O
T P  -  U i 7 .  01 n . r r i i  o n  r  i . A u r .  : G T A ?
S G N  -  S I G N  or  A N N U L A R  R I  MG S P E E D
TABLE I. Listing of Subi’outine EPIC.
5 3
c W P  . - P L A N E T  S P E E D  R A D / S
ri )I.
C C 2  ) C O N S T A N T S
[ C 3  )
C C A  )
C C(;:.ST )
C T A U 5 L  - T O R Q U E  A T  S U N  W I T H  L O S S E S
C T A l ' R L  - T u ü G U E  A T  RÎNC; W I T H  L O S S E S
C T A U  C L  - T O P  O U  C A T  C A P R I L R  W'I TÜ L O S S E S
C , •
S U R  R O U I  I M E  L P I C  ( T A U S  , TAIIC , T A U R  , I D T A U ,  U S  , a C , U R  , 1 D U ,  f S , L E  , E P ,
A C 5 , C C , C P f J S , J C , J !•; / J P , T S , T S  , A S , A C , A R )
U r A L J S f J C f J R , J  P 
P = T R / T S  
T P - ( T R - T S ) / 2  
C O M S T - 2 * ! ' /  ( R * * 2 - 1  )
C
C I F  S U N  O F  I N E R T I A S  1 5  / T R O  C A R R Y  O U T  S T E A D Y  S T A T E  A M A i Y S I S  
I F ( J S  + J C  + j R  + J P ) 3 0 1 0 , 3 0 0  0 , 3 0 1 0
c
C S T E A D Y  S T A T E  A N A L Y S I S  
C
3 0 0 0  l t d  D U .  E U .  2) U C  = ( U S - M ' > U P  ) / (R + 1 )
I F  (I D W .  E U . 3  ) W U d  ( (1 + R) * U C - W S )  / R
i F d n u . E u . i  ) u s = ( i +  R ) * c - % * w r
S G N  = S I G'J ( 1 . 0 , U R  )
W P  = C U N S T *  ('UR-i.'S )
I I ( i D T A Ü .  NL: -1 ) O 'UTO 3 0 2 0
T.A U C ^  ( -  U P *  f  i’ > ( T R /  T P - 1  ) -  ( T A U S -  Vi 5 F S ) * ( 1 - C  S *  S 1 f . ( 1  .  U , T A, :j S ^ Vi S ) )
A ; ( 1 f R ) ) / ( 1 + C C + 3 I G N ( 1 , 0 , T A U S * W C ) ) + r C * W C  
3 0 ( d  I A U  R =  ( d  nl.:S - F 5 * W S  ) * (1..c S + S I G N ( 1 . 0 , T A U  5 W S ) ) * R4-u j) * F r d  Y: / T P )
/ ( 1 - C  R ■* S I G N ( 1 . 0 , T A U S M-i R ) ) 4- S G N * A R S ( U - O 5 ) > [- R
G O T O  3 0 7 0  
3 0 2 0  I F ( l % T A ! L U ^ \ ^ ^ G O T O  3 0 4 0
3 0 3 0  T A U S “ ( - (  r A U C - F C * U C ) ^ ( 1 - C C * S I C N ( 1  . O d A u C ^ U C )  ) - F P ^ U P ^  ( T N /  n * - !  ) ) /
A  ( ( 1 + C S  + S I v ! : ( 1 . 0 , T A U C * W S ) ) * ( R  + 1 ) H : S  + U S
G O T O  3 0 0 0
3 0 4  0 T A U S  = ( ( T A U R - S G N *  A O S  ( U R - U S )  * F R )  * (1 - C R * S  T G:i ( 1 , 0 d  A U R 4  U R )  ) - WP^t F T  
A ^ T R / T P ) / (  ( 1 - C $ * S I G M ' ( 1  . O d A U R  + W S )  ) F S * U 5  
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FIG.3. Flow Chart for Subroutine EPIC.
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APPENDIX VII
COMPUTER PROGRAM DOCUMENTATION FOR PROGRAM 0PTIM2 (versions 1 and 2)
Library Classification BENG(F)OPTIM2.02^.01
On-line Optimisation of Efficiency of a Hydrostatic Transmission ..........
and Diesel Engine Combination
FORTRAN IV PDP8/E 14/6/73




Author K A Edge
Program Summary
This program operates in ’real time’. It is used to control a diesel 
engine and hydrostatic transmission combination, such that the 
conditions for minimum engine fuel consumption are found for a given 
load torque-speed condition. The hydrostatic transmission considered 
consists of a variable capacity pump connected in a closed loop to a 
variable capacity motor. The displacements of the pump and motor are 
controlled by electrchydraulic servomechanisms, and the diesel engine 
has an electrohydraulic governor system (Ref. 1). Electrical signals 
are employed to control the engine speed and pump and motor displacements 
The transmission is loaded by means of another hydrostatic pump which 
dissipates the energy through a relief valve.
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The conditions for minimum fuel consumption are found on the 
assumption that optimum efficiency occurs with either the pump or 
the motor set to maximum displacement (Ref. 2). A simple check 









\ Computer Library Subroutines
CLOCK II
Input Variables (via COMMON - Read in using subroutine READIN)
First line of data. Format 8E10.3. Read from data file
Motor swash plate calibration coefficients in the equation: 
Volts in = AMS * (motor s w a s h + BMS * (motor swash) t CMS 
(motor swash in deg.)
Pump swash plate calibration coefficients in the equation: 
Volts in = APS * (pump s w a s h + BPS * (pump swash) t CMS 
(Pump swash in deg.) ^
Engine torque calibration coefficients in the equation:
Engine torque = AENGT * voltage t BENGT (Engine torque in Nm)
Second line of data. Format 8E10.3; Read from data file
ADP
BDP
Pressure differential calibration coefficients in the equation: 
Pressure differential = ADP * voltage + BDP (press, diff. in MPa)
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AWM ■- Motor speed calibration coefficient in the equation:
Motor speed = AWM * voltage; motor speed in rev/min.
AWP - Pump speed calibration coefficient in the equation:
Pump speed = AWP * voltage; pump speed in rev/min.
APR I Fuel rack calibration coefficients in the equation:
BFR I fuel rack position = AFR ” voltage + BFR
fuel rack position in cm.
ATM I Motor (load) torque calibration coefficients in the equation:
BTM J Motor torque = ATM * voltage + BTM; motor torque in Nm
Third line of data, Format 8E10.3 (ONLY THREE VARIABLES) Read in 
from data file.
ASTEP - Swash plate step size used for optimisation check (deg.) 
SWING - Swash plate step length used for iteration (deg.)
ATIME - Time delay required by subroutine ENG (sec).
Fourth line of data. Format 14, Read in from data file.
NUM - Number of elements in arrays WP, AFF and BFF
Next "NUM” lines of data. Format 3E10.3, Read in from data file
WP I Engine fuel pump characteristics in array form:
AFF \ FFlow(I) = AFF(I) * FR 4 BFF (I)
BFF j corresponding to an engine speed of WP(I) rev/min where
FFLOW(I) is fuel flow in kg/hr.
FR is fuel rack position in cm.
Next line of data. Format 14, Read in from data file 
IRATE - Clock frequency for A/D sampling (Hz)
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Read in from teletype. Format A1
IDATA - Supplementary data about test run (for identification 
purposes)
Although the format is of length Al, the data may be of up to one 
full line in length, this data is not transferred from subroutine 
READIN to the main.program. ......................................
Input Variables (Read in from teletype)
IQ - Argument read in to recommence test run
IANS - "Answer" typed in response to teletype prompt
ILIST - "Answer" typed in response to teletype prompt
The above three variables are read in format Al, but may be of up 
to one fulJ. line in length. Only the first letter is used for 
comparison with the data statement.
One line, format 2F10.3
WMREQD - Required motor speed (rev/min)
WMTOL - Acceptable tolerance on motor speed (rev/min)
A typical set of data stored in the data file is given in table 1. 
This file must be stored on a magnetic disc or on magnetic tape and 
is declared as a run-time option under device number 5.
Output Variables
SWM - Motor swash plate angle (deg)
SWP - Pump swash plate angle (deg)
WPACT - Actual pump speed (rev/min)
FFNEW - Engine fuel flow (kg/hr)
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WMACT - Actual motor speed (rev/min)
TM - Motor (load) torque (Nm)
ENGT - Engine (pump) torque (Nm)
DELTA? - Pressure differential (MPa)
EFFOV - Overall transmission efficiency (%)
SFC - Overall engine/transmission specific fuel consumption
. (kg/Kw.hr)
FR - Fuel rack position (cm)
Timing Real time operation
Limitations and Accuracy
1. The minimum fuel flow is found within a tolerance of 2%.
2. The output speed is set within the given tolerance band, ^
± WMTOL rev/min.
All other signals are found to the accuracy limits specified in 
subroutine SAMAVG.
The following limitations occur in the program:
1. Engine speed is set within the range
600 < engine speed (rev/min) < 2000
2. A maximum engine torque limit, given by the equation
?MAX = 160 1-expl _%ei l - e-W \ \ Cl)(
34 7 /  / 65
where is the engine speed, and T ^ ^  is the maximum engine 
torque at ti)̂.
3. Maximum motor (output) speed = 3000 rev/min.
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4. Zero or negative speeds must not be requested.
5. Maximum pressure differential = 20 MPa.
It should be pointed out that if the transmission output speed 
tachogenerator signal becomes badly degraded (due to a poor.connection, 
for example) then the engine speed is continually incremented. No 
safety precautions are employed to prevent this, and it is essential 
'that an operator is always present during the optimisation process. 
Control may be immediately restored to the operator by simultaneously 
switching the swash plates and engine speed back to manual control.
Zero transmission output speeds (due to a grounded signal or broken 
cable, for example) are detected and an error message is given.
Storage
In order that the program and its associated subroutines fit into 
the core storage area of the PDP8/E, it is necessary to overlay two 
of the subroutines.
Program 0PTIM2 and subroutines SAMAVG, SETVAL, TIMSET and INTRPl are 
in level 0.
Subroutine ENG is located in level 1 overlay 0, and subroutine READIN 
is located in level 1 overlay 1.
The program and associated subroutines, which are compiled without 
compiler line numbers, has a length of 27000 octal words. The 
organisation of the program and subroutines is shown in Fig. 1.
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Program Action and Algorithm 
Program Organisation
The general outlines of the program are shown in Fig. 2, and a
full flow chart is shown in Fig. 3.
Input data is first read in from magnetic tape or magnetic disc and 
the teletype, as described below. As the program is written in an 
interactive form, commands may be issued from the teletype, at 
appropriate times, to control the action of the program. According 
to the issued command, it is possible to set up a required transmission 
output speed, change the load on the transmission or end the program.
Once the speed command has been issued the swash plate angles on the 
pump and motor are set to give roughly the required output speed for 
a set engine speed of 1200 rev/min. Checks are then made, and if 
necessary appropriate action is taken, to prevent overloading of the 
engine or the transmission. The engine speed is then changed, by an
iterative subroutine, to produce the required output speed. At this
point, the engine fuel flow is determined and stored for later 
comparison purposes. Either the pump or motor swash plate is then 
changed by a set step size and the engine speed changed to reset the 
output speed to the required value. The engine fuel flow is again 
determined and compared with the stored value. The pump or motor swash 
plate angle and engine speed are continually changed in this manner until 
the minimum fuel consumption is found. All appropriate signals are then 
obtained and written to teletype. Up to this point, the program action 
is based on the assumption that the engine transmission combination operates
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most efficiently with either the pump or motor operating at maximum 
displacement. A simple check on this assumption is carried out.
On completion of this check the program returns to the interactive 
mode in order to start a new optimisation procedure.
Signals to the A/D converters are sampled to find the mean level 
using subroutine SAMAVG. This subroutine requires a pulse source to 
initiate sampling and to control the sampling period. This pulse 
source is obtained from a magnetic inductive pick-up on the engine 
which produces one pulse per engine revolution.
Input Data
The data is read from a file stored on either a magnetic tape or 
magnetic disc and consists of all the engine - transmission rig 
calibration coefficients. The calibration requirements are shown 
diagrammatically in Fig. 4.
Initial Setting-up Procedure
Once the initial data is read in, using subroutine READIN, the motor 
swash plate is set to 15 degrees (maximum), the pump swash plate to 0 
degrees and the signal to the engine governor to 0 volts. This clears 
any previously set values in the D/A converters before the start of 
the program. The control is then passed to the operator who sets the 
engine speed to 1200 rev/min. This is a purely arbitrarily chosen 
value from which the optimisation process may commence. The control 
of the engine and swash plates is then passed to the computer. This 
is achieved in the case of the swash plates by disconnecting all external 
inputs to the control amplifiers and connecting the appropriate signals
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from the D/A converters (Table 2). The manual control for engine 
speed is not disconnected. On completion the program execution is 
restored by typing any character on the teletype,
A logical variable RITE is used to indicate if an initial setting 
procedure has already been carried out. Initially, RITE = TRUE, 
is used so that the swash angles may be set to give the correct 
output speed. After one optimisation process, the variable is set to 
FALSE, so the setting-up procedure is skipped.
For the initial set up, the pump swash plate angle or both pump and 
motor swash plates are altered to roughly produce the demanded output 
speed. This is achieved by calculating the swash angles required for 
an engine speed of 1200 rev/min with no slip flow or compressibility 
flow losses in the hydrostatic transmission.
From simple theory.
X D w = X D CO p p p m m m
where x is fraction of maximum machine displacement 
D is hydraulic machine maximum displacement 
CO is rotational speed (rev/min) 
suffix m for motor 
p for pump
With an engine speed of 1200 rev/min.
1200 X D - X D CO p p m m m
As D = D , X = *m^m P T' P ----
1200
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Output speeds below 1200 rev/min are achieved by leaving the motor 
swash at 15° and setting the pump swash to/ degrees.
\1200/
Output speeds above 1200 rev/min are achieved by setting the pump 
swash to maximum (15°) and the motor swash to/l200\ degrees.
\ “m /
The swash angle(s) are set using subroutine SETVAL. The logical 
variable MARK is introduced at this point to indicate whether the 
pump or motor is at maximum displacement.
The program returns to interactive mode with the prompt ’COMMAND?’
Four responses are allowed:
LOAD - to change transmission load ,
I
SPEED - to reset the output speed required
CONTINUE - to start the optimisation procedure, with the existing load
conditions.
END - to end the program
The first letter of the word is sufficient to identify the command.
Any command word used, which is not in the above list results in 
another prompt ’COMMAND?*
It is not possible to reset the output speed after the command ’LOAD’ 
has been given.
Load Change
The command ’LOAD’ allows the operator to increase or decrease the 
load on the transmission output shaft. The message ’SET LOAD TORQUE. 
ACTIVATE SCHMITT TRIGGER WHEN LOAD SET’ is given, and the transmission 
pressure differential obtained from the appropriate A/D converter. This 
signal is obtained at 0.5 sec. intervals until a ± 5% change in pressure
differential is detected. If the pressure
differential decreases, then the load is being reduced and there is 
no possibility of the engine torque or maximum pressure differential 
limit being reached. It is only necessary for the program to wait 
until the load change is finished - a signal has to be sent to fire 
schmitt trigger 1 on completion of the load change - before the program 
can continue. It is important that the load change should be made in 
one direction only. If the load is initially decreased and then increased, 
the section of the program used to take appropriate action if one of the 
limiting conditions is exceeded will be skipped.
If, however, the load is increased, a continuous check is made and, 
if necessary, appropriate action taken to prevent maximum engine•torque 
or pressure differential limits being exceeded. When possible, the pump 
and/or motor swash plate angles are automatically reduced to prevent 
a limit being exceeded. If it is not possible to prevent this, for example 
when the maximum pressure differential is exceeded and the motor is at 
maximum displacement, the message ’*** REMOVE LOAD IMMEDIATELY ***’ is 
given and the program returns to the interactive COMMAND section.
Optimisation
After the command ’CONTINUE’ or on completion of a successful load charge, 
a check is made to determine if, with the existing swash angles, the 
output speed may be obtained without the engine working outside its 
operating speed range (600 to 2000 rev/min). If necessary, new swash 
angles are calculated such that the engine will operate in the specified 
range and a check is made to ensure that the maximum pressure differential 
and engine torque will not be exceeded. It is assumed for the purpose of 
the check that transmission input and output speeds are directly
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proportional.
If it is required for the engine to work outside its operating 
range, the message ’*** REMOVE LOAD IMMEDIATELY ***’ is given, and 
the program returns to the COMMAND section.
Before the optimisation commences, a command may be given which will result, 
in a listing of the swash angles, engine and output speeds, fuel flow 
and fuel rack position at certain stages of the optimisation procedure.
In order to produce this list, the response YES to the teletype prompt 
’LIST’ is required. The first letter only is necessary to identify 
the command. Any other command is taken to be a negative reply. The 
listing does, of course, considerably increase the overall time taken 
to find minimum fuel consumption. ^
On commencing optimisation, the subroutine ENG is used to set the 
required output speed by changing the engine speed. The fuel rack 
position and engine speed are then obtained from the appropriate 
A/D converters, and the fuel flow found by interpolation of the stored 
fuel pump characteristics using subroutine INTRPl. An iterative technique 
is then used - changing either the pump or motor swash plate and resetting 
the output speed to the required value by changing engine speed. At each 
step of the iteration, the fuel flow is determined and compared with the 
last value obtained. If a decrease in fuel flow is detected, the iteration 
continues the change of displacement in the same direction. If an increase 
is detected, the swash plate step length is halved, and the direction 
of change is reversed. This method assumes that the optimum conditions 
are unique and two or more minima do not exist. The iteration continues 
until the minimum fuel consumption is found within 2%. All operating
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conditions are tabulated at this point and the minimum fuel flow 
stored for comparison purposes at the end of the optimisation 
check.
Optimisation Check
The optimisation procedure, is based on the assumption that the ........
optimum efficiency (minimum fuel flow) occurs with either the pump 
or motor operating at maximum displacement. This assumption is checked 
by decreasing the swash angle of the unit at maximum displacement by 
ASTEP degrees and repeating the optimisation procedure. Should the 
new fuel flow be less the "optimum" already determined, the message 
'MIN FUEL FLOW DOES NOT OCCUR WITH ONE SWASH AT MAXIMUM SETTING' is 
given, and the new fuel flow is printed out. Other wise the message 
'OPTIMUM CONDITIONS FOUND' is given. The program then returns to 
the COMMAND section.
Listings of subroutine READIN and program 0PTIM2 are given in 
Tables 3 and 4.
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Engine (Pump) speed 
Motor speed 
Pressure differential 
Motor (load) torque 
Engine (Pump) torque 
Fuel rack position
D/A Channel Device
Pump swash plate 
Motor swash plate 
Engine governor
Schmitt Trigger Device
Load trigger switch 
Engine pulse signal
TABLE 2. Details of Connection of Devices to 
A/D and D/A Channels
ttj
S U B R O U T I N E  R E A D I N  
~t T I T I T "  -  R ' O U t l N E  T O R E A D  D A T A  R E Q U I R E D  13V P R O G R A M  O P T  1 M 2  
C L I B R A R Y  C L A S S I F I C A T I O N  -  B E N G ( F ) 0 P T I M 2 .  0 2 4 .  0 1
C F O R T R A N  I V  P D P 8 / E  1 1  S E P T  1 . 9 7 3
C
C H A R D W A R E  R E Q U I R E M E N T S  -  D A T A  T A P E  OR D I S C  
C
C A U T H O R  -  K.  A.  E D G E  
C
C P U R P O S E  -  T O  R E A D  I N  T H E  D A T A  R E Q U I R E D  B V  P R O G R A M  0 P T I M 2
C_ _ _ _ _ _ _ _ _ (  V E R S I O N  1, L I B  C L A S S  -  B E N G  < E ■) O P T  I  M 2 .  0 2 4 .  0 1  .)
C F R O M  D A T A  F I L E  & T E L E T Y P E
C
C R E V I S I O N S  -  
C
C M E T H O D  -  R E A D S  I N  D A T A  F R O M  F I L E  '’ D A T O P T ' '  ON  D E C T A P E  OR D I S C  
C
C I N P U T  I N F O R M A T I O N  -  L I N E  1  ( R E A D  F R O M  F I L E ,  F O R M A T  B E I O . 3 ) :
_C_ _ _ _ _ _ _ _ A M S  )  M O T O R  S W A S H  P L A T E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E O N
C B M S  )  V O L T S  I N =  A M S * 5 W M * * 2  + B M 5 * S W M  i C M S
_C_ _ _ _ _ _ _ _ _ C M S  )_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ •  ._ _ _ _ _ _ _ _ _ _ _ _ _ __
C
C _ _ _ _ _ _ _ A P S  )  P U M P  S W A S H  P L A T E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E G N -
C B P S  > V O L T S  I N =  A P 5 * S W P * * 2  + B P 5 * S W P  + C P S
JC,_ _ _ _ _ _ _ C P S  )_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C
C A E N G T  > E N G  T O R Q U E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E Q N -
C B E N G T  > E N G T =  A E N G T + V O L T A G E  + B E N G T
_C_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ L I N E  2  ( R E A D  F R O M  F I L E ,  F O R M A T  6 E 1 0 .  3 ) . _ _ _ _ _ _ _ _ _ _ _ _ _
C A D P  )  P R E S S U R E  D I F F E R E N T I A L  C A L I B R A T I O N  C 0 N 5 T 5  I N  E Q N -
C B D P  )  D E L T A P ^  A D P * Y O L T A G E  + B D P
C •
Ç _ _ _ _ _ _ _ _ AWM -  M O T O R  S P E E D  C A L I B R A T I O N  C O N S T  : N M A C T  =  A N M * V O L T A G E
C AWP  -  P U M P  S P E E D  C A L I B R A T I O N  C O N S T :  N P A C T = A N P * V O L T A G E
_C_ _ _ _ _ _ _ _ A F R  )  F U E L  R A C K  P O S I T I O N  C A L I B R A T I O N  C O N S T ^ I N  E O N - ____
C B F R  )  F R =  A F R * V O L T A G E  + B F R
C
"C ■ A T M  > M O T O R  T O R Q U E  C A L I B R A T I O N  C 0 N 5 T S  I N  E Q N -
C B T M  )  T M =  A T M 4 V O L T A G E  + B T M
"C : : ; L I N E  3  ( R E A D  F R O M  F I L E ,  F O R M A T  8 E 1 G .  3 )  :
C A S T E P  -  S W A S H  P L A T E  I N C R E M E N T  S I Z E  ( D E G )
V  SI TTTTC -  S W A S H  P L A T E  I N C R E M E N T  S I Z E  ( D E G )
C_ _ _ _ _ _ _ _ A T I M E  -  T I M E  D E L A Y  R E Q U I R E D  B Y  S U B R O U T I N E  " E N G " _ _ _ _ _ _ _ _ _ _ _ _
"c L i n e  4 ( r e a d  f r o m  f i l e ,  f o r m a t  I 4 )
C N U M  -  N U M B E R  O F  E L E M E N T S  I N  A R R A Y S  W P , A F F  & B F F
L T N E S  5  T O  N U M + 4  
C ( R E A D  F R O M  F I L E .  F O R M A T  3 E 1 G .  3 )
I T "  ' ITP )"“ E N G  F U E L  PUM. P C H A R A C T E R I S T I C S  I N  
C A F F  )  A R R A Y  F O R M  -  W P ( I ) = E N G  S P E E D  A R R A Y
■C " B F F  ) ~ A F F  (  I  )  l i H B F T - T T  ) " A R E " " C ' 0 E F F 5  I T T  C Q N  ;- - - - - - - - - - - - - - - - - - - -
C )  F F L O W ( I ) = A F F ( I ) * F R + B F F ( I )
"C r ~ (  F F L 0 W I T T K  G 7  H R ,' F R ~ I  N“ C 11 )  ^
C ‘ L I N E  N U M + 5  ( R E A D  F R O M  F I L E ,  F O R M A T  1 4 ) :
V  r R R T " E  -  C n J Ü K  F R E Q U E N C Y  F O R  A / D  S A M P L I N G  ( H Z )
C
C R E A D  F R O M  T E L E T Y P E
C
C  I D A T A  ~  S U P P L E M E N T A R Y  D A T A  A B O U T  T E S T  R U N
C O U T P U T ^ I N F O R M A T I O N  - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
AS^ F O R  I N P U T  I N F O R M A T I O N ,  W I T H  T H E  E X C E P T I O N  O F   ̂ I D A T A '  
C A L L  O U T P U T  D A T A  T R A N S F E R E D  V I A  “ C O M M O N "
"c----------------------------------------------------------------------------
C N O  A S S O C I A T E D  S U B R O U T I N E S
C
C NO OTHER VARIABLE NAMES
TABLE 3. Listing of Subroutine READIN.
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0 0 6 4 C A L L  S A M A V G < 3 ,  I R A T E ,  4 ,  2 ,  A D P ,  B D P ,  D P N E N . )
C R E S T A R T  
0 0 6 5
C L O C K  
C A L L  C L O C K d ,  I G O )
0 0 6 6  E L A P 5 E = 0 .
C C H E C K  I F  L O A D  C H A N G E  H A S  S T A R T E D
• 0 0 6 7  
0 0 7 0
I F ( D P N E W .  L T . ( .  9 5 + D E L T A P ) ) G 0 T 0  3 0 8 0  
I F X D P N E N .  G T .  < 1 .  0 5  + D E L T A P )  ) G Ü T 0  3 0 9 0
0 0 7 1  
' 0 0 7 2  3 0 3 0
G O T O  3 0 7 0
C A L L  5 A M A V G ( 3 , I R A T E , 4 , 2 , A D P , B D P , D E L T A P )
C R E S T A R T  
0 0 7 3
C L O C K  
C A L L  C L O C K d ,  1 0 0 )
0 0 7 4
C R E D U C E
E L A P 5 E  = 0 .
P U M P  A N D / O R  M O T O R  S M A S H  T O  A V O I D  M A X
C D E L T A P  OR M A X  E N G  T Ü R U ' U E
0 0 7 5  I F ( D E L T A P .  L T .  2 0 .  ) G O T O  3 1 1 0
0 0 7 6
0 0 7 7  3 1 4 0
I F < .  N O T .  M A R f O G O T O  3 1 2 0  
W R I T E < 0 , 2 0 7 0 )
C S T O P  C L O C K  
' 0 1 0 0  C A L L  C L O C K < 0 , 0 )
0 1 0 1
0 1 0 2  3 1 2 0
U Ü I Ü  3 0 3 5
I F ( X M .  GE .  1 .  ) G O T O  3 1 4 0
0 1 0 ^  3 1 1 5  
0 1 0 4
S N n = s  N f'l + 1 .
I F ( S N M .  G T .  1 5 .  0 ) S N M  =  1 5 .  0
0 1 0  5 .... . . . .
0 1 0 6
X M = X ( S N M )  . . . . . . . . . . . . . . .
C A L L  S E T V A L < 2 , A M S , B M S ,  C M S ,  S W M )
6 1 0 7  3 1 5 0  
: 0 1 1 0
i G U I  3 1 1 0  
■ 0 1 1 2
C A L L  I I M S E I  ( E L A P S E ,  0 . 5 )
G O T O  3 0 9 0  • . 
I F ( ( X P  + D P * 1 .  0 E 6  +  D E L T A P ) .  L T .  1 2 0 .  ) G O T O  3 1 6 0  
I F ( .  N O T .  M A R f O G O T O  3 1 1 5
0 1 1 3
0 1 1 4
5 N P  =  S N P - 1 .  J. 
X P = X ( S W P )
0 1 1 5
0 1 1 6
C A L L  S E T V A L d ,  A P S ,  B P S ,  C P S ,  S N P )  
G O T O  3 1 5 0
0 1 1 7  3 1 6 0  
0 1 2 0
C A L L  T I M S E T ( E L A P S E ,  0 .  5 )  
. C A L L  S V N C d ,  I S T A R T )
C C H A N G E  
0 1 2 1
I N  L O A D  F I N . T S H E D ?
I  F (  I  S T A R T )  3 0 9 0 , ' 3 0 9 0 ,  3 1 7 0  /
, 0 1 2 2  3 0 8 0  
' 0 1 2 3
C A L L  T I M S E T ( E L A P S E ,  0 .  5 )  
C A L L  S V N C d ,  I S T A R T )
C C H A N G E " "  
0 1 2 4
I N  L O A D  F I N I S H E D ?
I F ( I  S T A R T ) 3 0 8 0 ,  3 0 8 0 , 3 1 7 0
C C L O C K  1 5  S T O P P E D  N H E N  S U B R O U T I N E  S A M A V G  I S  C A L L E D  
0 1 2 5  3 1 7 0  N R I T E ( 8 , 2 0 G 3 )
' 0 1 2 6  3 0 6 0  
1 0 1 2 7
C A L L  S A M A V G ( 2 ,  I R A T E ,  4 ,  2 ,  A N N ,  0 .  0 ,  N M A C T )  
C A L L  S A M A V G d ,  I R A T E ,  4 ,  2 ,  A N P ,  0 .  0 ,  H P  A C T )
I C D E T E R M I N E  I F  0 / P  S P E E D  R E Q U I R E D  C A N  B E  A C H I E V E D  N I T H I N  
! C E N G  T O R Q U E  A N D  D E L T A P  L I M I T S
E N G  S P E E D ,
: 0 1 3 0  
! 0 1 3 1
R A T I O = W M R E Q D / N M A C T
I F ( ( R A T I O  +  N P A C T ) .  L T .  2 0 0 0 .  ) G O T O  3 1 9 0
0 1 3 2
0 1 3 3
W P I  = 2 0 0 0 .
X P  = W M R E Q D / ( .  8 * 2 0 0 0 .  )
0 1 3 4  3 1 9 5
0 1 3 5
C A L L  5 A M R V G ( 3 ,  I R A T E ,  4 ,  2 ,  A D P ,  B D P ,  D E L T A P )  
I F ( X P .  G T .  1 .  ) G O T O  3 2 0 0
0 1 3 6  
: 0 1 3 7
X M N E W = 1 .  
SWM = 1 5 .
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0 1 4  0  
0 1 4 1
5 W P  = S N ( X P . )  
M A R K  = . T R U E .
0 1 4 2  3 2 3 0  
C M A X  P R E S
D P N E N = X M * D E L T A P / X M N E N  
S U R E  D I F F E R E N T I A L  E X C E E D E D ?
0 1 4 3
0 1 4 4
I F ( D P N E N .  G T .  2 0 .  > Ü Ü T Ü  3 1 4 0  
T E N E N = X P * D P * D P N E N * 1 ,  0 E 6  '
C M A X  E N G I N E  T O R Q U E  E X C E E D E D ?
0 1 4 5  I F ( N P I .  E Q .  2 0 0 0 .  . A N D .  T E N E N .  G T .  1 2 8 .  : ) G O T O 3 1 4 0
0 1 4 b
0 1 4 7
I F < W P I .  E Q.  6 0 0 .  . A N D .  T E N E N .  G T .  1 2 2 .  5 . ) G O T O  
C A L L  S E T V A L d ,  A P S ,  B P S ,  C P S ,  S N P )
3 1 4 0
0 1 5 0
0 1 5 1
C A L L  5 E T V A L < 2 , A M S , B M S , C M S , S N M )  
X M = X M N E N
0 1 5 2
0 1 5 3  3 2 0 0
G O T O  3 2 1 0  
X M N E W = 1 . / X P
0 1 5 4
0 1 5 5
5 W P  = 1 5 .
X P  = 1 .  0  .
0 1 5 6
0 1 5 7
5 N M  = S N ( X M : )  
M A R K  = . F A L S E .
0 1 6 0
0 1 6 1  3 1 9 0
G O T O  3 2 3 0
I F < ( R A T I O * N P A C T ) .  G T .  6 0 0 .  ) G O T O  3 2 1 0
0 1 6 2 " ' " . . . . . . . . . .
0 1 6 3
X P = W M R E Q D / 6 0 0 .
W P I = 6 0 G .
0 1 6 4
C L I S T I N G
G O T O  3 1 9 5  
R E Q U I R E D ?
0 1 6 5  3 2 1 0
0 1 6 6
N R I  T E - : 0 ,  2 0 0 7 : )  
R E A D ( 0 ,  1 0 O 2 . ) L I S T
0 1 6 7
0 1 7 0
C A L L  E N G v W M T O L ,  N M R E Q D ,  K O D E ,  AWM,  G O V N R ,  A T I M E : )  
I F ( K O D E .  E Q.  D G O T O  3 0 3 5
0 1  1  
0 1 7 2
C A L L  S A M A V G d ,  I R A T E ,  4 ,  2 ,  A W P ,  0 .  G,  W P A C T : )  
C A L L  5 A M A V G ( 3 ,  I R A T E ,  4 ,  2 ,  A D P ,  B D P ,  D E L T A P . )
0 i  f■ J.
0 1 7 4
C A L L  S H M H V Ü ' d ,  I R A T E ,  4 ,  2 ,  A E N G T ,  B E N G T ,  E N G T . )  
I F C W P A C T .  L T .  6 0 0 .  . OR.  W P A C T .  G T .  2 0 0 0 .  : ) G O T O  . 3 1 4 6 -
U 1 7 5  6  E 1 =  M H R K
C O P T I M I S A T I O N  P R O C E D U R E  C A N  C O M M E N C E
U
' 0 1 7 6  
0 1 7 7  
0 2 0 0
W R I T E ( 0 , 2 0 0 4 )  
S T E P = A S T E P  
F I X  =  . T R U E .
0 2 0 1
0 2 0 2
H O L D  =  . T R U E .  
N O T E  = . T R U E .
0 2 0 3  3 2 4 0
0 2 0 4
P O I N T  = . T R U E .  
A I N C = S W I N C
0 2 0 5  O P T  = . F A L S E .
C O B T A I N  P R E S E N T  F U E L  F L O W
0 2 0 6
0 2 0 7
C A L L  5 A M A V G < 6 ,  5 0 0 ,  8 ,  2 ,  A F R ,  B F R ,  F R )  
D p  4 0 0 0  1 = 1 , N U M
0 2 1 0
0 2 1 1  4 0 0 0
F F L O W •: I  ) = A F F ( I ) * F R  + B F F ( I )  
C O N T I N U E
0 2 1 2
0 2 1 3
C A L L  I N T R P K W P A C T ,  F F ,  WP,  F F L O W ,  N U M )  
I F < L I S T .  N E .  I V E S ) G O T O  3 4 2 0
0 2 1 4
0 2 1 5  3 4 2 0
W R I T E ( 0 ,  2 0  7 5 ) S W P ,  S WM,  W P A C T ,  F F ,  F R ,  E N G T  
I F ( M A R K ) G O T O  3 2 5 0
0 2 1 6
0 2 1 7  3 3 5 0
I F ( S E T ) G O T O  3 2 6 0  
5 W M = S W M - A I N C
0 2 2 0 X M = X ( S W M )
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O S / B  F O R T R A N  I V  3 .  0 2 J U L  2 3  1 9 7 4 P A G E  S E V E N
0 2 2 1 I F ( 5 W M .  G T .  4 .  ) G O T O  3 2 7 0  "
0 2 2 2
0 2 2 3
5WI1 = 4 .
N O T E  = . F A L S E .
0 2 2 4
0 2 2 5
3 2 7 0 C A L L  5 E T V A L < 2 ,  A I 1 5 ,  8 1 1 5 ,  C M S ,  5 N Î 1 )  
G O T O  3 2 8 0
• 0 2 2 6  
0 2 2 7
3 2 6 0 I F < 5 W I 1 .  GE .  1 5 .  ) G O T O  3 2 9 0  
5 W H = 5 N M + A ] N C
0 2 3 0
0 2 3 1
X M = X < S N M )
I F < 5 W I 1 .  G T .  1 5 .  ) 5 W M  =  1 5 .
0 2 3 2
0 2 3 3 3 2 9 0
G O T O  3 2 7 0  
I F ( F I X ) G O T O  3 3 0 0
0 2 3 4
0 2 3 5
N O T E  = . F A L S E .  
G O T O  3 2 8 0
0 2 3 6
0 2 3 7
3 3 0 0 M A R K  = . T R U E .  
5 E T  = . F A L S E .
0 2 4  0  
0 2 4 1 3 2 5 0
G O T O  3 . 3 1 0  . . .  , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
I F ( 5 E T ) G 0 T 0  3 3 2 0
0 2 4 2
0 2 4 3
3 3 1 0 S W P = S W R - A I N C
X P = X ( 5 N P )  ,
0 2 4 4
0 2 4 5 3 3 2 0
G O T O  3 2 7 5
I F ( 5 W P .  GE .  1 5 .  ) G O T O  3 3 3 0
0 2 4 6
0 2 4 7
S W P = S N P + A I N C
X P = X ( S W P )
0 2 5 0
0 2 5 1 3 2 7 5
I F ( S W P .  G T .  1 5 .  ) S N P  =  1 5 .
C A L L  S E T V A L d ,  A P S ,  B P S ,  C P S ,  S N P . )
0 2 5 2
0 2 5 3 3 3 3 0
G O T O  3 2 8 0  
I F < F I X . ) G O T O  3 3 4 0
0 2 5 4
0 2 5 5
N O T E  = . F A L S E .  
G O T O  3 2 8 0
0 25f c T  
' 0 2 5 7
“ 3 3 4 0 N A R K  = . F A L S E .  
5 E T  = . F A L S E .
0 2 6 0
0 2 6 1 3 2 8 0
G O T O  3 3 5 0
C A L L  E N G ( W M T O L ,  N M R E Q D , K O D E , A N N , G O V N R ,  A T I M E )
0 2 6 2
0 2 6 3
I F ( K O D E .  E G .  D G O T O  3 0 3 5  
H O L D I T = H O L D
0 2 6 4
0 2 6 5
H O L D  = . T R U E .
C A L L  S A M A V G d ,  I R A T E ,  4 ,  2 ,  A N P ,  0 .  0 ,  W P A C T )
0 2 6 6
0 2 6 7
C A L L  5 R M A V 8 T 3 7 I R A T E ,  4 ,  2 ,  m ) P , ' B D P , l ) E L T A P )  . . . . . . . . . . . . . . . . . .
C A L L  S A M A V G ( 5 ,  I R A T E ,  4 ,  2 ,  A E N G T ,  B E N G T ,  E N G T )
“ 0 2 7 0
0 2 7 1
i F < D t L l H P .  G f .  2 0 .  . OR.  E N G T .  G T .  T E M A X ( W P A C T ) ) H O L D = .  F A L S E .  
I F (  W P A C T .  L T .  6 0 0 .  . OR .  W P A C T .  G T .  2 0 0 0 .  ) H O L D = .  F A L S E .
“ 0 2 7 2
0 2 7 3
C A L L  S A M A V L ' C b ,  5 0 0 ,  8 ,  2 ,  A F R ,  B F R , “ F R )  .. . . . . . . .  . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .
DO 4 0 1 0  1 = 1 , N U M
“ 0 2 7 4
8 2 7 5
0 2 7 6
0 2 7 7
4 0 1 0
F F  L 0  W •; D  = A F  F <  Ï .) * F X + B F  F  ( I  ) . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .
C O N T I N U E
C A L L  I N T R P K W P A C T ,  F F N E W ,  W P ,  F F L O W ,  N U M )  
I F ( L I S T .  N E . I Y E 5 ) G 0 T 0  3 0 1 0
0 3 0 0
0 3 0 1 3 0 1 0
W R I T E < 0 ,  2 0 0 6 ) S W P ,  S W M,  W P A C T ,  F F N E W ,  F R ,  E N G T  
I F X H O L D .  OR.  H 0 L D I T ) G 0 T 0  3 7 2 8
0 3 0 2 “
0 3 0 3
I F ( N 0 T E ) 0 0 T 0  3 4 0 0  
G O T O  3 7 1 0
Ü H A S  F U E L  
0 3 0 4  3 7 2 0
F L O W  D E C R E A S E D ?  
I F ( F F N E W - F F ) 3 3 8 0 , 3 3 9 0 , 3 3 9 0
0 3 0 5 ^
0 3 0 6
3 4 0 0 “ P 0 1 N T  = . F A L S E .  
F F = F F N E W
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"T)^7ïï“ F M T R R N “ rv 3702 J U L  2 3  1 9 7 4 P A G E  E J G H T
■ ( L i3 0 7  
0 3 1 0  3 3 9 0
G O T O  3 4 2 0
I F < P O I N T ) G O T O  3 4 3 0
C H A S  A M I N I M U M  B E E N  F O U N D ?
0 3 1 1  3 4 1 5  I F ( A B S ( F F N E W - F F ) . G T . 0  G 2 * F F N E N ) G O r O  3 4 4 8
0 3 1 2
Ô 3 1 3  3 4 4 0
O P T  = . T R U E .  
A I N C = f l J N C / 2 .
C I F  S N f l S H  
0 3 1 4
I N C R E M E N T  < 0 . 1 5  D E G  S T O P  O P T I M I S A T I O N  
I F X A I N C .  L T .  0 .  1 5 ) G 0 T 0  3 7 1 0
0 3 1 5  3 4 3 0
0 3 1 6
5 E T  = . N O T .  S E T  
G O T O  3 4  0 0
0 3 1 7  3 3 8 0  
0 3 2 0
I F ( O P T ) G O T O  3 4 1 0  
I F ( M O L D .  A N D .  N O T E I G O T O  3 4 0 0
0 3 2 1  
: 0 3 2 2  3 4 1 0
G O T O  3 4 1 5
I F < A B 5 ( F F N E W - F F  ) .  G T .  0 .  0 2 * F F N E W ) G O T O  3 4 0 0
i 0 3 2 3  3 7 1 0  
! C M I N I M U M
I F ( .  N O T .  F I X ) G O T O  3 4 6 0  
F U E L  F L O W  F O U N D  W I T H  O N E  S W A S H  P L A T E
1 C 
 ̂ C
A T  M A X I M U M  S E T T I N G
0 3 2 4
0 3 2 5
C A L L  5 A M A V G < 2 ,  I R A T E ,  4 ,  2 ,  AWM,  0 .  0 ,  W M A C T )  
C A L L  5 A M R V G < 4 ,  I R A T E ,  4 ,  2 ,  A T M ,  B T M ,  TM !)
; 0 3 2 6  
: 0 3 2 7
S T O R E P = S W P
5 T 0 R E M = S W M
, 0 3 3 0  
0 3 3 1
5 T 0 R E F = F F N E W
C T C = F F N E W 4  1 0 0 0 . / < W M A C T * C 0 N 5 T * T M )
0 3 3 2
0 3 3 3
E F F O V = W M A C T * T M 7 < W P A C T * E N G T ) * 1 0 0 .
W R I T E O ,  2 G 8 0 ) W M A C T ,  T M ,  5 W P ,  5 W M ,  W P A C T ,  E N G T
0 3 3 4
C E N D
W R I T E < 0 ,  2 0 9 0 . ) F F N E W ,  D E L T A P ,  E F F O V ,  S F C  
O F  3 R D  B U F F E R
0 3 3 5
0 3 3 6
F I X  = . F A L S E .
I F ( H O L D ) G O T O  3 4 7 0  '
0 3 3 7
0 3 4 0
I F ( .  N O T .  H O L D I T . ) G O T O  3 4 7 0  
5 E T  = . N O T .  S E T
0 3 4 1  3 4 7 0
0 3 4 2
I F ( M A R K ) G O T O  3 4 . 9 0  
5 W P = S W P - 5 T E P
-
0 3 4 3
0 3 4 4
X P = X < 5 W P )
C A L L  S E T V A L C l ,  A P S ,  B P S ,  C P S ,  S WP . )
0  3  4 5  
i 0 3 4 6  3 4 9 0
G O T O  3 6 0 0  
5 W M = 5 W M - S T E P
i 0 3 4 7  
' 0 3 5 0
X M = X ( S W M )  ' 
C A L L  S E T V A L < 2 , R M S , B M 5 , C M S , 5 W M >
0 3 5 1  3 6 0 0
0 3 5 2
C A L L  E N G < W M T O L ,  W M R E G D ,  M O D E ,  AWM,  G O V N R ,  A T  I  M E .)  
I F C K O D E .  E G.  D G O T O  3 0 3 5
0 3 5 3
0 3 5 4
C A L L  S A M A V G < 1 ,  I R A T E ,  4 ,  2 ,  A W P ,  0 .  0 ,  W P A C T )  
C A L L  5 A M A V G < 5 ,  I R A T E ,  4 ,  2 ,  A E N G T ,  B E N G T ,  E N G T )
C R E T U R N  W I T H  O N E  S W A S H  P L A T E  A T . ' S T E P ' '  D E  G O F F  M A X  S E T T I N G  
0 3 5 5  G O T O  3 2 4 0
I S "  S T O R E D  V H L L i L  UP F U E L  F L O W  L E S S  T h A N .. . . . . . . . . . . . . . . . . ....
C N E W  F U E L  F L O W ?
0 3 5 b  3 4 6 0  
0 3 5 7
i  F S 1 L I R E F . L T .  F F N E W ) G O T O  3 5 0 5  
W R I T E ( G , 2 1 0 0 ) F F N E W
1 3 3 6  0
0 3 6 1  3 5 0 5
G O f D  3 5  0 0  
W R I T E < 0 , 2 0 0 5 )
0 ^ ' 6 2  3 5 0 0
0 3 6 3
0 3 6 4
C A L L  S E  r V H L a ,  R P S 7 T 5 P 5 7 C P S 7 5 T 0 R E P ; )  "  
C A L L  S E T V A L ( 2 , A M S , 8 M S ,  C M S , S T 0 R E M 7  




0 5 / 8  F O R T R A N  I V  3 .  0 2  J U L  2 3  1 9 7 4  P A O l N I N E
0 3 6 5 X M = X ( S T O R E M >
- 0 3 6 &
0 3 6 7
S W P = 5 T 0 R E P
S N M = 5 T 0 R E M
“ 0 3 7 T T
0 3 7 1
“ 3 0 3 5 R I T E  = . F A L S E .  
G O T O  3 5 1 0
" 0 3 7 Z
0 3 7 3
" 7 1 1 4 0 N R I T E < 0 , 2 1 2 8 )  
S T O P
C
C E N D  O F 4 T H  B U F F E R
0 3 7 4
0 3 7 5
1 0 0 2
1 0 1 0
F O R M A I ( A l )  
F O R M R T ( 2 F 1 0 .  3 )
0 3 7 6
0 3 7 7
2 0 0 2
2 0 0 3
F O R M A T ( ' ‘ S T A R T ' / )  
F O R M A T C  F I R E D ! ' / )
0 4 0 0
0 4 0 1
2 0 0 4
2 0 0 5
F O R M A T C  O P T I M I S A T I O N  S T A R T E D . ' / )  
F O R M A T C  O P T I M U M  C O N D I T I O N S  F O U N D . ' / )
! 0 4 0 2  
1 0 4 0 3
2 0 0 6
2 0 0 7
F ü R M A T d H  , 6 F 1 0 . 3 )  
F O R M A T C  L I S T ? ' / )
 ̂ 0 4 0 4 2 0 2 0  F O R M A K ' -  O U T P U T  S P E E D  R E Q U I R E D  6  
1 / T O L E R A N C E ?  ( R E V / H I N )  ( 2 F 1 0 .  3 ) ' / )
0 4 0 5 2 0 3 0
1
F O R M A T C  S E T  E N G I N E  T O 1 2 0 8  R E V / M I N . ' /  
P A S S  T O C O M P U T E R  C O N T R O L . '
! 0 4 0 6
2  /  
2 0 4 0
'  T Y P E  A N Y  C H A R A C T E R  T O  C O N T I N U E . ' / )  
F O R M A T C  C O M M A N D ? '  / )
I 0 4 0 7 2 0 6 0
1
F O R M A T C  S E T  L O A D  T O R Q U E . '
A C T I V A T E  S C H M I T T  T R I G G E R  W H E N  L O A D  S E T . ' / )
0 4 1 0
0 4 1 1
2 0 7 0
2 0 7 5
F O R M A T C  R E M O V E  L O A D  I M M E D I A T E L Y  * * * ' / )
F O R M A T C  ' ,  6 X ,  ' S N A ' ,  7 X ,  ' 5 N M ' ,  6 X ,  ' N P ' ,  7 X ,  ' F / F L O I J ' / '  ' , 6 F 1 G .  3 )
0 4 1 2 2 0 8 0  F O R M A T  < 1 H 0 ,  5 X ,  ' N M'  , 8 X ,  ' T ( 1 ' " , 7 X ,  ' S U P S  8 X ,  ' S N M ' ' ,  6 X ,  ' WP''  
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PROGRAM 0PTIM2, Version 2 
(Incorporating subroutine READ)
Library Classification BENG(F)0PTIM2.024.02
On-line Optimisation of Efficiency of a Hydrostatic Transmission
and Diesel Engine Combination
This version of program 0PTIM2 uses a fuel flow transducer to determine 
engine fuel flow rather than interpolating from stored fuel pump 
characteristics.
Modifications to Version I
1. Additional hardware requirements ^
One extra A/D converter (No.7) is required for the fuel flow 
transducer signal.
2. Associated subroutines
The subroutines required by the main program are as follows:
ENG, SETVAL, READ, TIMSET, and SAMAVG, together with the library 
routines SYNC and CLOCK.
3. Input Variables
Subroutines READ is used to read in the data. The first 2 lines 
are identical to the data read in by subroutine READIN.
Lines 3, 4 and 5 are modified (see subroutine READ listing, table 1).
Third line of data. Format 8E10.3 (only 2 variables).
Read in from tape:
AFF 1 Fuel flow transducer calibration coefficients in the equation
BFF I FFLOW = AFF * voltage + BFF
392
Fourth line of data, Format 8E10.3 (only 3 variables).
Read in from tape:
ASTEF - Swash plate step change size (deg)
SWING - Swash plate increment size (deg)
ATIME - Time delay required by subroutine ENG (sec)
Fifth line of data. Format 14,
Read in from tape:
IRATE - Clock frequency for A/D sampling (Hz)
Variable IDATA is read in from the teletype as described in version 1.
4. Storage ' ̂
Overlaying of subroutines is not necessary. The program and 
associated subroutines are compiled without compiler line numbers 
and have a length of 25400 octal words.
5. Program Action and Algorithm
The only modifications involve the direct measurement of engine 
fuel flow from A/D No.7, and the use of subroutine READ for data input 
A listing of the program is given in Table 2. The algorithm employed 
is identical to version 1.
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c
S U B R O U T I N E  R E A D  
T I T L E  -  R O U T I N E  T O R E A D  D A T A  F O R  P R O G R A M  ' O P T  I  M 2 ' '
c
c
L I B R A R Y  C L A S S I F I C A T I O N  -  B E N Ü  < F > O P T  I  M 2 .  0 2 4 .  (32 
F O R T R A N  I V  P D P 8 / E  1.1 S E P T  1 9 7 3
c
c H A R D W A R E  R E Q U I R E M E N T S  -  D A T A  T A P E  OR D I S C
c
c A U T H O R  -  K. A.  E D G E  ‘ ■
c
c P U R P O S E  -  T O  R E A D  I N  T H E  D A T A  R E Q U I R E D  B V  P R O G R A M  O P T  I  M 2c
c < V E R S I O N  2 ,  L I B  C L A S S  -  B E N Û  < F i) O P T  I  M 2 .  ( 3 2 4 .  0 2  } F R O M  D A T A  F I L E  & T E L E T Y P E
c
c R E V I S I O N S  -
u
' c M E T H O D  -  R E A D S  I N  D A T A  F R O M  F I L E  ' ' D A T A ' '  ON D E C T A P E  OR  D I S C
c





;  M U J U K  b W H S H  P L A I E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E Q N -  
)  V O L T S  I N =  A M S * S W M * * 2  -K3MS>t^SNM •►CMSc
c





)  P U M P  S W A S H  P L A T E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E Q N -  
)  V O L T S  I N =  A P S  + S W P 4 :4 :2  • fB P S >t:S W P  •►CPSc
; c
C P S )
;
A E N G T
B E N G T
)  E N G  T O R Q U E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E O N -  
)  E N G T =  A E N G T  + V O L T A G E  •► BENGT
1 c
! C A D P
L I N E  2  ( R E A D  F R O M  F I L E ,  F O R M A T  B E 1 8 .  3 ) :
)  P R E S S U R E  D I F F E R E N T I A L  C A L I B R A T I O N  C 0 N 5 T 5  I N  E Q N -
C
i c




-  M O T O R  S P E E D  C A L I B R A T I O N  C O N S T  : N M A C T : = A N M > » = V O L T A G E





) F U E L  R A C K  P O S I T I O N  C A L I B R A T I O N  C O N S T S  I N  E Q N -  
)  F R =  A F R  + V O L T A G E  •►BFR
i C 
1 c A T M > M O T O R  T O R Q U E  C A L I B R A T I O N  C O N S T S  I N  E Q N -c
c
B T M )  T M =  A T M t V O L T A G E  •►BTM





) F U E L  F L O W  C A L I B R A T I O N  C O N S T S  I N  T H E  E Q N : 
)  F F L O W =  A F F  + V O L T A G E  •►BFF
C
I C A S T E P
L I N E  4  ( R E A D  F R O M  F I L E ,  F O R M A T  8 E 1 0 . 3 ) :  
-  S W A S H  P L A T E  I N C R E M E N T  S I Z E  ( D E G )c
c
S W I N C
A T I M E
-  S W A S H  P L A T E  I N C R E M E N T  S I Z E  ( D E G )
T I M E  D E L A Y  R E Q U I R E D  B Y  S U B R O U T I N E  " E N G "c
c I R A T E
L I N E  5  ( R E A D  F R O M  F I L E ,  F O R M A T  1 4 ) :
-  C L O C K  F R E Q U E N C Y  F O R  A / D  S A M P L I N G  ( H Z )c
c R E A D  F R O M  T E L E T Y P E :c
c I D A T A -  S U P P L E M E N T A R Y  D A T A  A B O U T  T E S T  R U Nc
c
O U T P U T  I N F O R M A T I O N  -
A S  F O R  I N P U T  I N F O R M A T I O N ,  W I T H  T H E  E X C E P T I O N  O F  ' I D A T A ' "c
c
A L L  O U T P U T D A T A  T R A N S F E R E D  V I A  " C O M M O N "
c
c
N O A S S O C I A T E D  S U B R O U T I N E S
c
c
N O O T H E R  V A R I A B L E  N A M E S
TABLE 1.. Listing of Subroutine READ
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C O M M O N  A M S ,  B M 5 / C M 5 ;  A P S ,  O P S ,  C P S ,  A E N G T ,  B E N G T ,  A D P ,  B O P ,
A R N M ,  A W P ,  A P R ,  B F R ,  A T M ,  B T M ,  A F F ,  B F F ,
B A S T E P , S W I N C , A T I M E , I R A J E  
"C R E A D  D A T A  F R O M  F I L E
_ _ _ _ _ _ _ _ _ _ R E  A D ( 5 ,  1 0 0 1 )  A M S , B M S ,  C M S ,  A P S ,  B P S ,  C P S ,  A E N G T ,  B E N G T ,  A D P ,  B D P ,1 AWM,  A W P ,  Â F R ,  B F R ,  A T M ,  B T M ,  A F F ,  B F F  
R E A D ( 5 ,  l O G D A S T E P ,  S W I N C ,  A T I M E
R E A D < 5 ,  I G G D I R A T E  
W R I T E ( G , 2 0 G 1 )
T  R E A C T  D A T A  F R O M  T E L E T Y P E  : ^
R E A D C G , 1 G G 2 ) I D A T A  
I G G l  F T T R 7 ' j A T < e E 1 0 .  3 )  .
1 0 G 2  F O R M A T < A l )  
f B G l  F T i R M A T T T ? )
2 0 0 1  F O R M A T < '  D A T E  T E S T  R U N  NO.  O I L  T E M P  B O O S T  P R E S S ' /  
A 2 9 X ,   ̂ ( D E G C ) - ' ,  8 X ,  " < M P A ) ' / >
R E T U R N
E N D  ‘ "
t a b l e 1. Cont'd.
3 9 5
0 5 / 8  F O R T R A N  J V  3 . 8 2  J U L  2 3  1 9 7 4  P A G E  O N E
P R O G R A M  0 P T I M 2  ( V E R S I O N  2)
C T I T L E  -  ON L I N E  E N G I N E / H V D R Ü S T A T I C  T R A N S M I S S I O N
C O P T I M I S A T I O N  P R O G R A M _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C. L I B R A R Y  C L A S S I F I C A T I O N  ~ B E N G ( F ) O P T I M2 .  0 2 4 .  0 2  
C F O R T R A N  I V  P D P 8 / E  1 4 / B / 7 3
C
C H A R D W A R E  R E Q U I R E M E N T S  -  3  D / A  C O N V E R T E R S
P 7  A / D  C O N V E R T E R S
C 2  S C H M I T T  T R I G G E R S
C P R O G R A M A B L E  C L O C K
C
T  A U T H O R  -  K.  A.  E D G E  
C
C P U R P O S E  -  T O O P T I M I S E  T H F  O V E R A L L  E F F I C I E N C Y  O F  A N  
C E N G I N E / H Y D R O S T A T I C  T R A N S M I S S I O N  C O M B I N A T I O N
C
C R E V I S I O N S  -  P R O G R A M  0 P T I M 2  ( V E R S I O N  1 )  I S  M O D I F I E D  T O  O B T A I N  E N G I N E
C F U E L  F L O W  D I R E C T L Y  F R O M  A / D  C O N V E R T E R  7 .  D A T A  I S  R E A D  I N
C U S I N G  S U B R O U T I N E  ' R E A D ' '
t ---------------------------------------------------------------------- ;----------------
C M E T H O D  -  R E F  " S O M E  C O N S I D E R A T I O N S  I N  O P T I M I S A T I O N  O F  E F F I C I E N C Y
"C Uh H H Y D R O S T A T I C  T R A N S M I S S I O N  A E N G I N E  C O M B I N A T ! O N "
C B O W N S ,  D.  E.  , M C C A N D L I S H ,  D.  & E D G E ,  K. A.
T) r S T T U R D P E A N  F L U I D "  P O W l 'R  C O N f - E R E N C E , 1 9 7 3
C
r  Atr-TNPDT-TNFTJR M A T r 0 7 I “ l  S  ■ RETiD'H^^rT^A^-rM ' F'l L E  U i m T G  =
C S U B R O U T I N E  R E A D ,  & T R A N S F E R R E D  V I A  A C O M M O N  S T A T E M E N T  







M O T O R  S W A S H  P L A T E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E Q N -  










P U M P  S W A S H  P L A T E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E Ü N -  
V O L T S  I N =  A P 5  + S W P * * 2  + B P S * S W P  •►CPS
c
c
C P S )
c
c
A E N G T
B E N G T
)
.)
E N G  T O R Q U E  C A L I B R A T I O N  C O N S T A N T S  I N  T H E  E Q N -  
E N G T =  A E N G T  + V O L T A G E  •►BENGT
c
c




( R E A D  F R O M  F I L E ,  F O R M A T  B E 1 8 .  3 ) :
P R E S S U R E  D I F F E R E N T I A L  C A L I B R A T I O N  C O N S T S  I N  E Q N -
c
c





-  M O T O R  S P E E D  C A L I B R A T I O N  C O N S T :  W M A C T = A W M + V O L T A G E  







F U E L  R A C K  P O S I T I O N  C A L I B R A T I O N  C O N S T S  I N  E Q N -  
F R =  A F R  +  V O L T A G E  •►BFR
c




L I N E
)
3
T M =  A T M * V O L T A G E  4 B T M  







F U E L  F L O W  C A L I B R A T I O N  C O N S T S  I N  T H E  E Q N :  
F F L O W =  A F F * V O L T A G E  •►BFF
C L I N E  4  ( R E A D  F R O M  F I L E ,  F O R M A T  8 E 1 8 .  3 ) :
C A S T E P  -  S W A S H  P L A T E  I N C R E M E N T  S I Z E  ( D E G . )
’̂Ab lE 2. Listing of Program 0PTIM2.
___________________________  U L G __________________________ _____
bS/8 FORTRAN IV 3.02 JUL 23 1974 PAGE TWO
"C S W I N C  -  S W A S H  P L A T E  I N C R E M E N T  S I Z E  ( D E ( T )  '
Si_ _ _ _ _ _ _ _ A T j M  E -  T I ME P E L A Y  R Ë Q Ü  2 R E D  B Y  S U  B R Ü U T I N E  " E N G " _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C L I N E  5  ( R E A D  F R O M  F I L E ,  F O R M A T  1 4 ) :
_C_ _ _ _ _ _ _ _ I R A T E  -  C L O C K  F R E Q U E N C Y  F O R  A / D  S A M P L I N G  ( H Z ) _ _ _ _ _ _ _ _
C
c_ _ _ _ _ _ _ _ _ _ R E A D  F R O M  T E L E T Y P E : _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C
C  I D A T A  -  S U P P L E M E N T A R Y  D A T A  A B O U T  T E S T  R U N _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C  I Q  N A M E  R E A D  I N  T O R E C O M M E N C E  T E S T  R U N
_C_ _ _ _ _ _ _ _ I^ A N 5 -  A N S WER T Y P E D  I  N _ f < E S P 0 N S 0 J J - X E T / , ' f-’E_ " Q U E S T  I  ON "_ _ _ _ _ _ _
C  L I S T  -  A N S W E R  T Y P E D  I N  R E S P O N S E  T O  T E L E T Y P E  " Q U E S T I O N "
C  N O T E :  T H E S E  V A R I A B L E S  A R E  R E A D  I N  F O R M A T  A l ,  B U T  M A Y  _ _ _
"G B E  O F  U P  T O O N E  F U L L  L I N E  I N  L E N G T H  4=4 4.-
C  R E A D  F R O M  T E L E T Y P E ,  F O R M A T  2 F 1 G .  3
C W M R E C D -  R E Q U I R E D  M O T O R  S P E E D  ( R E V / M I N )
C  W M T O L  -  A C C E P T A B L E  T O L E R A N C E  ON M O T O R  S P E E D  ( R E V / M I N )
S
C  O U T P U T  I N F O R M A T I O N  -
u  SWM -  M O T O R  S'WASH P L A T E  A N G L E  ( D E G )
C S W P  -  P U M P  S W A S H  P L A T E  A N G L E  ( D E G )
*C W P A C T  -  E N G I N E  ( P U M P )  S P E E D  ( R E V / M I N )
C F F N E W  -  E N G I N E  F U E L  F L O W  ( K G / H R )
"C : i r r iR C T  -  m o t o r  s p e e d  ( r e v / m i n )
C TM -  M O T O R  T O R Q U E  ( N M )
T  E N G T  - E N G I N E  ( P U M P )  T O R Q U E  ( N M )
C D E L T A P -  P R E S S U R E  D I F F E R E N T I A L  ( M P A )
C E F F O V  -  O V E R A L L  T R A N S M I S S I O N  E F F I C I E N C Y  ( % )
C S F C  -  OVERALL ENG/TRANSMISSION SPECIF IC F U E L
■C CTüïïSinTFTTüTrTKG/kW. HR.)- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - :- - - - - - - - - -
C F R  -  F U E L  R A C K  P O S I T I O N  ( C M )
"C---------------------------------------------------
C  A S S O C I A T E D  S U B R O U T I N E S  -  
"C E N G
C S E T V A L
"C- - - - - - - - - - - - - - - R E A D - - - - - - - - - - - - - - - - - - - :- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
C T I M S E T
C S A M A V G
C S Y N C
C C L O C K
C
C V A R I A B L E  N A M E S  ( E X C L U D I N G  I N P U T / O U T P U T  I N F O R M A T I O N )  -
C_ _ _ _ _ _ _ _ A I N C  -  S W A S H  P L A T E  I N C R E M E N T  S I Z E  ( D E G )
~C C D N S t  -  C O N V E R S I O N  F A C T O R ;  R E V / M I N  T O
C  DM -  M A X I M U M  M O T O R  D I S P L A C E M E N T  ( M 3 / R A D )
C D P  -  M A X I M U M  P U M P  D I S P L A C E M E N T  ( M 3 / R A D )
C D P N E W  -  P R E S S U R E  D I F F E R E N T I A L  ( M P A )
C DU M -  D U M M Y  V A R I A B L E
C_ _ _ _ _ _ _ _ F F  -  E N G  F U E L  F L O W  ( K G / H R ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
~C F T R  -  L O G I C A L :  T R U E  =  O P T I M I  S A T  I  ON W I T H  O N E  S W A S H  A T  M A X
Ç _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ F A L S E  = O P T I M I S A T I O N  R E P E A T E D  M A X  S W A S H _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C D E C R E A S E D  B Y  " A S T E P '
C _ _ _ _ _ _ _ _ G O V N R  -  S I G N A L  T O  E N G  G O V E R N O R  T O  S E T E N G  S P E Ê D ( V O L T S )
C  H O L D  -  L O G I C A L :  F A L S E = M A X  D E L T A P  OR  M A X  E N G  T O R Q U E  R E A C H E D
Ç _ _ _ _ _ _ _ _ H Q L D I T -  L O G I C A L :  S E T  T O  L A S T  S T A T E  O F  " H O L D " _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C I C O U N T -  O P T I M I S A T I O N  S T E P  C O U N T E R
TABLE 2. Cont’d.
39 7
0 5 / 8  F O R T R A N  I V  3 .  0 2
C
J U L  2 3  1 9 7 4 .Ë fL G E  I l i E E i L
Î C O N T
C
C
l E N D
I L O A O
D A T A  U S E D  F O R  C O M P A R I S O N  W I T H  " I A N S '
I  S P E E D  :) 
I 5 T A R T -  S C H M I T T T R I G G E R :  N O T  F I R E D = 0 .  F I R E D = 1
I V E S  -  D A T A  U S E D  F O R  C O M P A R I S O N  W I T H  I A N S  & L I S T  
K O D E  -  E N G / T R A N S M I S S I O N  O P E R A T I N G  C O N D I T I O N
( R E F  S U B R O U T I N E  
M A R K  -  L O G I C A L
" E N G " )




F A L S E = V A R Y  M O T O R  S M A S H
N O T E  -  L O G I C A L :  F A L S E = S N A S H  L I M I T  R E A C H E D
O P T  -  L O G I C A L :  T R U E = T N O  F U E L  
S P E C I F I E D  T O L E R A N C E
L O N S  F O U N D  W I T H I N
P I  -  M A T H E M A T I C A L  C O N S T A N T
P O I N T  -  L O G I C A L :  F A L S E =  C O N T I N U E  S W A S H  C H A N G E  I N
D I R E C T I O N ;
M O V E M E N T
T R U E =  C H A N G E  D I R E C T I O N  O F  S W A S H
R A T I O  -  R A T I O  OF  R E Q U I R E D  M O T O R  S P E E D  T O  A C T U A L  
M O T O R  S P E E D
R I T E  -  L O G I C A L :  T R U E =  I N I T I A L  S E T T I N G  O F  M O T O R  S P E E D ;  
F A L S E =  S U B S E Q U E N T  S E T T I N G S  OF  M O T O R  S P E E D
S E T  -  L O G I C A L  
S W A S H
T R U E = I N C R E A S E  S W A S H ;  F A L S E = D E C R E A S E
S T E P  -  S W A S H  P L A T E  I N C R E M E N T  S I Z E  ( D E G )  











5 T 0 R E M -  M O T O R  S W A S H  A N G L E  ( D E G )
5 T 0 R E P -  P U M P  S W A S H  A N G L E  ( P E G ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
T E M A X  -  M A X I M U M  E N G  T O R Q U E  ( N M ) '
T E N E W  -  E N G  ( P U M P )  T O R Q U E  ( N M )  '
E L A P S E -  T O T A L  E L A P S E D  T I M E  S I N C E  S T A R T  O F  C L O C K  
WP -  E N G  S P E E D  ( R E V / M I N )
I s M  -  F R A C T I O N  OF  M A X  M O T O R  D I S P L A C E M E N T  ( 0  T O  D  
X M N E W  -  F R A C T I O N  O F  M A X  M O T O R  D I S P L A C E M E N T ( 0  T O  1 )
X F -  F R A C T I O N  O F  M A X  P U M P  D I S P L A C E M E N T  ( 0  T O  1 )
O T H E R  I N F O R M A T I O N  -  ^




0 0 0 3
E N D  OF 1 S T  B U F F E R  
T I i G T C R U m a r k ; S E T ,  P O I N T / P I X / H O L D , N O T E , R I T E , O P T , H O L D I T  
C O M M O N  A M S ,  B M S ,  C M S ,  A P S ,  B P S ,  C P S ,  A E N G T ,  B E N G T ,  A D P ,  B D P ,
T IFrW T T rf î ]T F TT T F 7r"B > '-R rA  T M, B T f l T A  F F , (3 F F , ' 
B A S T E P ,  S W I N C ,  A T I M E ,  I R A T E
— 0004" 
1 0 0 0 5
A S I N d S .  4 0 .  0 1 7 4 5 3 3 ) / C O 5 ( 1 5 .  4=0. 0 1 7 4 5 3 3 )  ) / 0
X ( D U M ) = S I N ( D U M * 0 .  0 1 7 4 5 3 3 ) * C O S ( 1 5 .  
A ( C 0 S ( D U M 4 =0. 0 1 7 4 5 3 3 ) * S I N ( 1 5 .  4 0 .  0 1 7 4 5 3 3 ) )
0 1 7 4 5 3 3  
+  0 .  0 1 7 4 5 3 3 ) /
I C 0,  
i 0 0 0 6
0 1 7 4 5 3 3  C O N V E R T S  D E G R E E S  T O  R A D I A N S
T E M A X ( D U M ) = 1 6 8 4 ( l - E X P ( - D U M / 3 4 7 ) ) - D U M / 6 5
D A T A  
A I C O N T / ' C
l Y E S / ' V
" / ,  I E N D / " E
I  S P E E D / '
/ J I L O A D / " L
~ 0 1 5 T 0  
C S E T  
“ F G T Ï  
0 8 1 2
W R I T E ( 0 ,  2 0 0 2 )  
U P  C O N S T A N T S
D P  = 6 .  4 7 E - 6  
DM =  D P
TABLE 2. Conr’d.
398
0578 FORTRAN IV 2. 02 JUL 23 1974 P A G E  F O U R
U 0 l 2
0 0 1 4
P i  = 2 .  1 4 1 5 9  
C 0 N 5 T  = 2 .  4 P I / 6 0 .
C  R E A D  D A T A  F R O M  F I L E  & T E L E T Y P E  
0 0 1 5  C A L L  R E A D
• 0 0 1 6  
0 0 1 7
C A L L  S E T V A L < 2 ,  1 .  , 1 .  , 0 .  , 0 . . )  
C A L L  S E T V A L d ,  A P S ,  B P S ,  C P S ,  0 .  )
0 0 2 0
0 0 2 1
C A L L  S E T V A L < 2 ,  A M S ,  B M S ,  C M S ,  1 5 .  )  
W R I T E C G , 2 0 2 0 )
C M A N U A L  A D J U S T M E N T :  S E T  E N G  T O  1 2 0 0  R E V / M I N  & P A S S  S M A S H  
C P L A T E S  ft E N G  T O  O N - L I N E  C O N T R O L
; 0 0 2 2  
’ 0 0 2 2
R E A D ( 0 , 1 O 0 2 ) I Q  
R I T E =  T R U E .
0 0 2 4  2 0 0 0
0 0 2 5
W R I T E ( G , 2 0 2 0 )
R E A D < 0 ,  1 0 1 0 ) W M R E Q D ,  W M T O L
C O / P  S P E E D  W I T H I N  S E N S I B L E  L I M I T S ?
0 0 2 6  I F < W M R E R D .  L T .  0 .  . OR.  N M R E G O .  G T .  3 0 0 0 .  ) G O T O  2 0 0 0
0 0 2 7
C S E T  U P
I F ( .  N O T .  R I T E ) G O T O  2 5 1 0  
S W A S H  P L A T E S  Ï 0  G I V E  R O U G H L Y  C O R R E C T  0 / P  S P E E D
0 0 2 0  2 1 2 0  
0 0 2 1
I F X W M R E Q D .  G T .  1 2 0 0 .  ) G O T O  3 0 2 0  
M A R K  = . T R U E .
C V A R Y  P U M P  S W A S H
0 0 2 2  K P = W M R E G D / 1 2 0 G .  '
0 0 2 2
0 0 2 4
5 W P = 5 W < X P )  
XM = 1 .
, 0 0 2 5
i 0 0 2 6
5 W M  = 1 5 .  
G O T O  2 0 3 0
J 0 0 2 7  2 0 2 0  M A R K  =  . F A L S E .  
1 C V A R Y  M O T O R  S W A S H
0 0 4 0  
■ 0 0 4 1
X M = 1 2 0 G . / W M R E Q D  
X P  = 1 .
0 0 4 2  
. 0 0 4 2
5 W M = S W < X M )  
S W P  =  1 5 .
0 0 4 4  2 0 2 0
0 0 4 5
C A L L  S E T V A L d ,  A P S ,  B P S ,  C P S ,  S W P )  
C A L L  S E T V A L < 2 , A M S , B M S , C M S , S W M )
0 0 4 6
C
G O V N R  = 0 .
C E N D  O F  2 N D  B U F F E R  
C D E T E R M I N E  I F  L O A D  C H A N G E  R E Q U I R E D
0 X 1 4 7 ^ 2 5 ^ 1 0 ^
0 0 5 0
W R I T E < 0 , 2 0 4 0 )  
R E A D < 0 ,  1 0 0 2 ) 1  A N S
0 0 5 1
0 0 5 2
I F d A N S .  E Q .  I L O A D ) G O T O  3 0 5 0  
I F d A N S .  E Q.  I S P E E D ) G O T O  3 0 0 0 - -
0 0 5 2
0 0 5 4
I F d A N S .  E Q.  I C O N ' D G O T G  3 0 6 0  
I F d A N S .  E Q.  I E N D ) G O T O  3 0 4 0
0 0 5 5
C D E T E R M I
G O T O  2 5 1 0  
WE D E L T A P
■ ■ 0 0 5 6  2 0 5 0  
0 0 5 7
C A L L  5 A l f F P / G T 3 d R A T E 7 m  2 ,  A D P ,  B D P ,  D E L T A P )  . . . . . . . . . . . . . . . . .
W R I T E ( 0 , 2 0 6 0 )
W 0 b 0  L L H P b h = 0 .  
C S T A R T  C L O C K
0 0 6 1
C W A I T  0 .
C A L L  C L O C K d , 1 0 0 )  
5  S E C
0 0 6 2  2 0 7 0  
0 0 6 2  
. C R E S T A R T
■“ C A L L "  T I M S E K E C A P S E ,  O . ' î x ) '  ■ ' "  " "
C A L L  S A M A V G < 3 ,  I R A T E ,  4 ,  2 ,  A D P i B D P ,  D P N E W )  
C L O C K
TABLE 2. Cont'd.
399
05/8 FORTRAN IV 3.02 -RAGE F J V E -
G064 CALL CL0QK(1,100)
0 0 6 5  È L A P S E = 0
C C H E C K  I F  L O A D  C H A N G E  H A S  S T A R T E D
0 0 6 6  
0 0 6 7  
■ ^ 0 7 0  
0 0 7 1  3 0 9 0  
X T "  R E S T A R T  
; 0 0 7 2
L T .
G T .
I F ( D P N E N .
I F < D P N E N .
G O T O  3 0 7 0 "
C A L L  S A M A V G ( 3 , I R A T E ,
<.  9 5 + D E L T A P ) ) G 0 T 0  3 0 8 0  
< l / 0 5 + D E L T A P ) ) G O T O  3 0 9 0
4 ,  2 ,  A D P ,  8 D P ,  D E L T A P )
C L O C K
C A L L C L O C K d ,  1 0 0 )
E l A P S E  =  0 .  
P U M P  A N D / O R
0 0 7 3
C R E D U C E M O T O R  S M A S H  T O  A V O I D  M A X
C D E L T A P  OR M A X  E N G  T O R Q U E
0 0 7 4  I F < D E L T A P .  L T .  2 0 .  ) G O T O 3 1 1 0
0 0 7 5  I F < .  N O T .  M A R I O G O T O  3 1 2 0
0 0 7 6  3 1 4 0  W R I T E < 0 , 2 0 7 0 )
C S T O P  C L O C K  
0 0 7 7  C A L L C L 0 C K < 8 , 0 )
0100
0 1 0 1  3 1 2 0
G O T O  3 0 3 5  
I F < X M .  G E .  1 .  ) G O T O 3 1 4 0
0 1 0 2  3 1 1 5  5 N M = S N M + 1 .
0 1 0 3  I F ( S N M .  G T .  1 5 .  0 ) S N M  = 1 5 .  0
0 1 0 4
0 1 0 5
X M = X ( S N M )
C A L L  S E T V A L < 2 , A M S , B M S , C M S , S W M )
0 1 0 6  3 1 5 0  C A L L  T I M S E T < E L A P S E , 0 .  5 )
0 1 0 7  G O T O  3 0 9 0
0 1 1 0  3 1 1 0  I F ( ( X P  + D P * 1 .  0 E 6 * D E L T A P ) .  L T .  1 2 0 .
0 1 1 1  _ _ _ _ _ _ _ _ I F < .  N O T .  M A R I O G O T O  3 1 1 5 ^
) G O T O  3 1 6 0
0112
0 1 1 3
S N P = 5 W P - 1 .
X P = X < S N P )
0 1 1 4
0 1 1 5
C A L L  S E T V A L d ,  A P S ,  B P S ,  C P S ,  S W P )  
G O T O  3 1 5 0
0 1 1 6  3 1 6 6  C A L L  T I  M E E T ( E L A P S E , 0 .  5 )
0 1 1 7  _ _ _ _ _ _  C A L L  S V N C d ,  I  S T A R T )
C C H A N G E  I N  
0120 L O A D  F I N I S H E D ?  I F d S T A R T ) 3 0 9 0 ,  3 0 9 0 ,  3 1 7 0
0 1 2 1  2 0 8 0  C A L L  T I M S E T < E L A P S E , 0 .  5 )
0 1 2 2  C A L L  S V N C d ,  I S T A R T )
C C H A N G E  I N  
0122
L O A D  F I N I S H E D ?
I F <  I S T A R T ) 2 0 8 0 ,  2 0 6 0 , 3 1 7 0
C C L O C K  I S  
0 1 2 4  2 1 7 0
S T O P P E D  W H E N  
H P T T E < 0 , 2 0 0 2 )
i U B R O U T I N E  S A M A V G  I S  C A L L E D
0 1 2 5  2 0 6 0  C A L L  5 A M A V G ( 2 ,  I R A T E ,  4 ,  2 ,  AWM,  0 .  0 ,  W M A C T )
0 1 2 6  C A L L  S A M A V G d ,  I R A T E ,  4 ,  2 ,  A W P ,  0 .  0 ,  W P A C T ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
C D E T E R M I N E  I F  O / P  S P E E D  R E Q U I R E D  C A N  B E  A C H I E V E D  W I T H I N  E N G  S P E E D ,  
C E N G  T O R Q U E  A N D  D E L T A P  L I M I T S
0 1 2 7
0120
R A T I O = W M R E Q D / W M A C T  




0 1 2 4
WP = 2 G 0 G .
X P = W M R E Q D / ( .  8 * 2 0 0 0 .
C A L L  S A M A V G < 3 ,  I R A T E ,  4 ,  2 ,  A D P ,  B D P ,  D E L T A P  
I F ( X P .  G T .  1 .  ) G O T O  3 2 0 0
I 0 l 3 b  
0 1 2 6
X M N E N  = 1 .  
SWM = 1 5 .
~ W Ï J 7
0 1 4 0
S W P = S W < X P )  
M A R K  = . T R U E .
TABLE 2. Cont’d.
40 0
TiSZET FORTR'R77"TV JTÜi JUL 23 1974 PAGE SIX
141 3230  L)PNtW = ;<l1*DLL THP/XnNEW 
C MAX PRESSURE DIFFERENTIAL EXCEEDED?
U142
0142 TENEN=XP*DP*DPNEN*1.  0E6
L MHX EHUiNh'  lURUUE EXCEEDED?
0144  IF<NP.  EG. 2000.  . AND. TENEN. GT. 128.  )GOTO 3140 
G145 IF<NP.  EG. 600.  , AND. TENEN. GT. 122.  5)GÜT0 3140 
0146  CALL S E T V A L d ,  APS, APS, CPS, SUP )
0147  
' 0150








5WP = 15. 




MARK = . FALSE.
0157
0160  2190
GOTO 2230 ' ' 
I F ( ( RA TI O* WPAC T) .  GT. 600*. )GOTO 3210
0161
0162
WP = 600. ' 
XP=NMREGD/600.
0162





N R I T E < 0 , 2 0 0 7 )  
R E A D < 0 , i e 0 2 ) L I 5 T
0166
0167
CALL ENG':NMTOL, NMREOD, KODE, ANM, GOVNR, ATIME)  
IFCKODE. EQ. DGOTO 3035
0170 
, 0171
CALL SAMAVGd,  IRATE,  4, 2, ANP, 0. 0, WPACT) 
CALL SAMAVG<3, IRATE,  4, 2, ADP, BDP, DELTAP)
i 0172  
0172
CALL SAMAVG( 5 ,  IRATE,  4, 2, AENGT, BENGT, ENGT) 
IFXNPACT. LT. 600.  . OR. WPACT. GT. 2000.  )GOTO 3140
0174 5ET=MARK
C OPTIMISATION PROCEDURE CAN COMMENCE
C




F I X = . TRUE.
; 0200  
! 0201
HOLD = . TRUE. 
NOTE = . TRUE.
; 0202  2240 
■ 0202








CALL 5AMAVG(7,  100,  30,  2, AFF, BFF, FF)  
I F - a i S T .  NE. IVES)GOTO 3420
, 0207  
0210
CALL SAMAVG<6, I R A T E , 4 , 2 , AFR, BFR,FR)  
WRITE(0,  2G75)5WP, SWM, WPACT, FF, FR, ENGT










IF(SWM. GT. 4. )GOTO 3270 
5NM = 4.
0217  
: 0220  2270
1 o  I
NOTE = . FALSE.
CALL SETVAL(2,AMS,BMS,CMS,  SWM)
r i n r  n  ‘y  n o n -
TABLE 2 Cont’d.
T W I
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1 0 2 2 2 3260 IF(5NM.  GE. 15. )GOTO 3290




^ 0 2 2 3  
' 0226




3290 I F ( F I X ) G O T O  3300 
NOTE = . FALSE.
U 2 3 i "
0232 3300
GOTO 5280  
MARK = . TRUE.
0233
0234
b t  f=.  l -HLbb.  
GOTO 3310 •




I F (5ET>G0TD 3320 
SNP=5WP-AINC .












IF<SWP. GT. 15. )SWP = 15.
" 0 2 4 5
0246
3275 CALL S E T V A L d ,  APS, BPS, CPS, SWP) 
GOTO 3280
0 2 4 7 “
0250
3330 I F<F IX )GOTO 3340 




MARK = . FALSE.
0253
0254




3280 CALL ENG<NMTOL,WMREGD,KODE,AWM,GOVNR,ATIME) 
IF<KODE. EG. DGOTO 3035
i 0257  
■ 0260
HOLDIT=HOLD 
HOLD = . TRUE.
0261
0262
CALL SAMAVG'd,  IRATE,  4, 2, AWP, 0. 0, WPACT) 
CALL SAMAVG'd,  IRATE,  4, 2, ADP, BDP, DELTAP)
0263
0264
CALL SAMAVG'd,  IRATE,  4, 2, AENGT, BENGT, ENGT)
IF(DELTAP.  GT. 20. . OR. ENGT. GT. TEMAX(WPACT))HOLD = . FALSE.
0265
0266
I F (  WPACT. LT. 600.  . OR. WPACT. GT. 2000.  )HOLD=. FALSE. 
CALL SAMAVG'd,  100,  30,  2, AFF, BFF, FFNEW)
0267
0270
I F < L I 5 T .  N E . I V E 5 ) G 0 T 0  3010
CALL SAMAVG'd,  IRATE,  4, 2, AFR, BFR, FR)
0271
0272 3010
WRITE'di ,  2006)SWP,  SWM, WPACT, FFNEW, FR, ENGT 










I F ( F F N E W - F F ) 3 3 8 0 , 3 3 9 0 , 3 3 9 0
0276
0277
3400 POINT = . FALSE. 
FF=FFNEW
: 0300  
: 0301 3390
GOTO 3420
I F(POI NT)GOTO 3430
C HAS A MINIMUM BEEN FOUND?
0 3 0 2  3 41 5  I F ( A B S ( F F N E N - F F ) . G T . 0. 02*FFNEW)G0T0 3 44 0
0303
0304 3440




I F SWASH INCREMENT < 0 . 1 5  DEG STOP OPTIMISATION 
I F<AINC.  LT. 0. 15 ) G0T0  3710  ......................... .
table  2 Cont ’ d .
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0 3 0 6  3430 5ET = . NOT. SET
0 30 7
0 31 0  3380'
0311
GOTO 3400
i f < o p t : > g o t o  3410
IF<H0LD.  AND. NOTE)GOTO 3400
0 31 2  GOTO 3415
0 3 1 3  3410 I F ( A B S ( F F N E N - F F ) .  GT. O. 02*FFNEN)GOTO 3400
0514  3710 IF<.  NOT. FIJdGÛTO 3460
C MINIMUM FUEL FLON FOUND WITH ONE SWASH PLATE
0315
0316
0 J. 2 Ü
0321
0 3 2 3
AT" MAXIMUM SETTING
CALL SAMAVG<2, IRATE,  4, 2, AWM, 0. 0, WMACT) 




5FC=FFNEW*100G. / ( WMACT*CONST*TM)




W R i I L •; 0 20F07'F'F NE]|,"T>EET A P ,“EF>W,“Srcr
T  EHD"DF"3RD~BUFFER------
0326  F I X  = . FALSE.
3 3 2 7 —  I R  HOE DldOTO—34 7 G-----------------
0 33 0  IF< .  NOT. HOLDIT)GOTO 3470
0331  SET = . NOT. SET















CALL SETVAL< 2 , AMS,BMS,CMS,SWM)





IF(KODE.  EQ. DGOTO 3035 
CALL SAMAVGd,  IRATE,  4, 2, AWP, 0. 0, WPACT)
CALL SAMAVG'd,  IRATE,  4, 2, AENGT, BENGT, ENGT)
TH ONE SWASH PLATE AT "STEP'  DEG OFF MAX SETTING
0346
C I S  STORED
GOTO 3240 
VALUE OF FUEL FLOW LESS THAN
C NEW FUEL 
0347  3460
FLOW?
IF ' dTOREF.  LT. FNEW)GOTO 3505
0350
0351
WRITE'di ,  21O0)FFNEW 
GOTO 3500
W R I T E f O , 2 0 0 5 )
























t ( 0 , 2 1 2 0 )
iABLE 2. Cont’d.
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c E N D  OF 4TH BUFFER 



















F I R E D ! " / )  
OPTIMISATION STARTED. " / )
FORMAT
FORMAT^
'■ OPTIMUM CONDITIONS F O U N D . " / )  






L I S T ? " / )
OUTPUT SPEED REQUIRED &
REV/MIN) (2F10 .  3 ) " / )
0376  2030 FORMATC" SET ENGINE TO 1200 REV/MIN.
" PASS TO COMPUTER CONTROL."
/ "  TYPE ANY CHARACTER TO C O N T I N U E . " / )
0377  2040 FORMATC" COMMAND?"/ )




1  ^ n r r r i v R T E  s c h m i t t  t r i g g e r  n hen  l o a d  s e t . " / ;>
207 0 FOR MATC" * * *  REMOVE LOAD IMMEDIATELY * * * " / ) ____________
2075 F 0 RM AT C " " ,  6X, '" SN P '", 7 X, ' 5 N M , 6 X, " N P " , 7 X, '" F /  f- L 0 "  /  " '*,
2080  FORMATC IHO, 5X, "NM" ,  8X, "TM" ,  7X, "SWP",  8X, "SWM", 6X, "WP",
3 X , ' ( R E V / M I N ) " , 3 X , " C N N ) " , 6 X , " C D E G ) " , 6 X , " CDEÜ)" , 3X, 
" ( R E V / M I N ) " ,  2X, '■ ( N M ) " / / 6 F 1 0 .  3 / )
6F10. 3 )  
8X, " T P " /
"0404 2090 FORMATCIHG, 3X, "F / FLOW" ,  4X, "DELTAP" ,  4X, " E F F " ,  7}<  ̂ ' S F C " /  
1 3X, " CKG/HR)" ,  4X, " ( M P A ) " ,  5X, " ( % ) " ,  5X, " (KG/KW.  MR) ' / / 4 F 1 0 .  3/)
■0405 2100 FoRMHT(' ) Mi n  f u e l  flow does  not  occur  w i t h  ONE SWASH ' 





ITEmVE ■[OADT RETURN TO llATTUArCoTFfROLT D"
TABLE 2 . Cont'd.
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APPENDIX VIII
COMPUTER PROGRAM DOCUMENTATION FOR SUBROUTINE SETVAL
Library Classification BENG(F)SETVAL.025.01
Program to Set an Electrically Controlled Device in an 
On-line Control Application
FORTRAN IV PDP8/E 22/5/73
Hardware Requirements 1 D/A Converter
Author K A Edge '
Program Summary
The subroutine uses a D/A converter to send a D.C. voltage to an 
electrically controlled device. From specified calibration coefficients, 
the voltage corresponding to the required setting of the device is 
determined. The equation used is:
D.C. Voltage = A * (v a l u e + B * (value) + C
where A, B and C are the specified calibration coefficients and "value” 
is the required setting of the device. A listing of the subroutine is 
given in Table 1 and a flow chart is presented in Fig. 1.
Associated Subroutine DAC (computer library subroutine)
405
Input Variables
All variables transferred via argument list:
CALL SETVAL (N, A, B, C, VAL)
N - D/A converter channel number 
A.
B y calibration coefficients 
C
VAL - Value to which device is to be set 
Limitations and Accuracy of the Program
For the PDP8/E, the voltage can be set to an accuracy of 2mV in a 
working range of - 10 to + 10 volts.
Storage 103 Octal words
Timing Depends on application
40 6
S i m n O U T M F .  SFTWALCM, A, 73, C, VAL)
C , SIMP HOC NAM MAMF. .-. S.F1VAL...............................................
C L t H H A h Y  C L A S S I F I C A T I O N  - 
C
C TITLF. - DIGITAL TO A N A L O G U E  C O N V ERS IO N 
C
C FO R T R A N  IV P P P 8 / E  22/6/73
C
C H A H D V A H E  R E Q U I R E M E N T S  - 1 D/A C O N V E R T E R
C
C AUT H O R  - K . A * E D G E  
C
C P U R P O S E  - TO SET A D E V I C E  BY M E A N S  OF A D I G ITAL S I G N A L , G I V E N  
C THAT THE C A L I B R A T I O N  T A K E S  THE FORM:
C VO L T A G E =  A * V A L U E * * 2  + R t V A L U E  +C
c
C R E V I S I O N S  - 
C
C INPUT INFO R M A T I O N  (VIA A R G U M E N T  LIST) - 
0 IN - D/A C O N V E R T E R  071 ANN EL N U MB ER
C A )
C B ) C A L I B R A T I O N  C O E F F I C I E N T S
C C )
C VAL - V A L U E  TO WH IC H DEVI CE IS TO BE SET
C
C A S S O C I A T E D  S U B R O U T I N E S  - DAC -
C
C V A R I A B L E  N A M E S  ( E X C L U D I N G  I N P U T / O U T P U T  I N F O R M A T I O N )  - 
C SI G E L E C T R I C A L  SIGNAL (-10 TO +10 VOLT)
C
C




TABLE 1. Listing of Subroutine SETVAL
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( S T R  FtT )
R R G U M E K I T  LIST :
D/k  C o W V E R T e e  MUN\^SCR,,>4
CDLie.R.KTiOM CoEFf\ClCNJTS , P\,6,C
V A L U E  TO WUlCPl DEVlCL 
IS T O  t^C SET , V A L
c A l c u u A T E  ElECTRIc/Xu 
S%C?Nf\L E E Q U \ R E D  
F R o M  c A u iSjR K T  oKi 
C O E F F I C I E N T S
S E T  D/(X C iO M F N L s u b r o u t i n e  d A c J
( R E T U R N  )
FIG. 1. Flow Chart for Subroutine SETVAL
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APPENDIX IX
COMPUTER PROGRAM DOCUMENTATION FOR SUBROUTINE SAMAVG
Library Classification 
BENG(F)SAMAVG.026.01
Sampled Analogue Signal »to Give Mean Value
FORTAN IV PDP8/E 13/7/73
Hardware Requirements Programmable Clock 
1 A/D converter 
1 Schmitt trigger
Author K A Edge 
Program Summary
The program is used to sample an analogue signal at a given frequency 
and return a mean value of the signal according to the given calibration 
coefficients. A pulse signal must be present to initiate the sampling, 
and the length of the sampling may be altered by specifying the number 






CALL SAMAVG (NCHNL, IRATE, IPULSE, NTRIG, A, B, VAL)
409
Input Variables (via argument list)
NCHNL - A/D converter channel number
IRATE - Sampling Rate (Hz)
IPULSE - Number of pulses over which sampling to take place
NTRIG - Schmitt trigger channel number
A I Calibration coefficients in the equation -
B j Value = A * (average voltage) + B
Output Variables (via argument list)
VAL - Mean value of signal
Limitations and Accuracy of Program j
The accuracy of the mean value of the signal depends upon:
1. The resolution of the A/D converter (2mV for the PDP8/E).
2. The sampling frequency being sufficiently large compared with the 
frequency of the signal fluctuation.
3. The number of pulses over which sampling takes place.
For the PDP8/E, the sampling frequency should not exceed 1 kHz and 
the analogue signal should be in the range - 1 to +1 volt. The total 
number of sampled points should not exceed 500.
Storage 4205 Octal words
Program Algorithm and Action
The sampling is initiated by the first pulse to fire the schmitt
410
trigger. Sampling continues over the specified number of pulses, 
and the average found by summing the sampled values and dividing 
by the total number of samples taken. This is divided by 512.0 to 
convert the value to a voltage. The returned value is found by the 
given calibration coefficients in the equation:
Value = A * (average voltage) + B 
(the equation of a straight line)
A listing of the subroutine is given in Table 1 and a flow chart 
is presented in Fig. 1.
e.
SUnHOUTTNF SAMAVGCNCHNL,  TRATF,  T PUI, SF,  MTRI  F,  A, V AL> 
T n i . F  -  SAMPLKp ANALOGUE SI  ON AU TO 01 VF M FAN VAL OF 
LT O hAK Y CLASSIFICATION -
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FORTRAN IV PDP8/F
h a h PW a HF R F 0UIRFM FNTS - 
1 A/D OONVFHIFH 
1 SCHMITT TRIGOFR
a u t h o r  - h . a . f p g f
PURPOSE - 10 SAMPLE AN 
AND RETURN A MEAN
13/7/7 3
PROGRAMAnoF CLOCK
ANALOGUE SIGNAL AT A GIVEN FREQUENCY 
VALUE OF THE SIGNAL ACCORDING  TO THE
GIVEN CALIBRATION COEFFICIENTS 
REVISIONS -
INPUT INFORMATION (VTA ARGUMENT 1.1 SI) -
NCHNL - A/D CONVERTER CHANNEL NUMBER
IRATE - s a m p l i n g  RATE CH/)
IPULSE- NU MBE R OF PULSES OVER PHICH SAMPLING 
NTRIG - SCHMITT TRTGGER CHANNEL NUMBER 
A ) CALIBR ATION  COEFFICI ENTS IN THE EON:
H ) VALUE = A*(AVERAGE VOLTAGE) + H
OUTPUT INFORMATION (VIA ARGUMENT LIST) - 
VAL - MEAN VALUE  OF SIGNAL




IS TO T a k e  p l a c e




NAMES (EXCLUDING INPUT/OUTPUT INFORMATION) - 
- a v e r a g e  OF SAMPLED POINTS 
I - COUNTER
I s t a r t - SCHMITT TRIGGER STATE: 0=N0T FIRED: 1 = EI
FOUNT - PULSE COUNTER
SAMPUF- a r r a y  STORING SAMPLED POINTS 
TOT - SUM OF SAMPLED POINTS 
VARIA BL E n a m e s  CONFORM TO ST ANDARD  FORTRAN IV CONVENTIONS
S A M b u F(SCO)DIMENSION 
KO UN T=0 
T0T=0. 0
c a l l  CLOCKKN TRIG, C)
3000 CALL SYNCCNTRIG,I ST ART)
IF(I ST ART)30OO, 3000, 3 0 l0 
30 10 call R E A L T M (S A M B U F , S C O , N C H N L , 1,SCO) 
CALL CL0CK(S + NTHI'G, IRATE)
DO 4000 1 = 1 , SOO
TO T=T0T+ADB(V)
c a l l  SYNC(NTRIG,I START)
IF( I ST a h T )4000, 4000, 3020 
3020 I m o u n t , l-;0. IPULSE) GOTO 3030 
KOUNT=KOUNT + 1 
40 0 0 CONTINUE





TABLE 1. Listing of Subroutine SAMAVG.
T T Y
(  5TR R T  )
j\R.GUM&KlT :
^|0 C H K N N & L  NUfsABEFL^ N C H N L - . 
S K M P L In jG  RPsTE  ̂ T R f \T E .  
KiUNASER, OF P U U S C S  OVER:
W HICH S M H P LlN iG  \S T o  TM C E  
P L k C E   ̂ I P U L S e .
S C H M IT T  TR iG G C R  CHKMNJEL 
N U N \e ,C R ^ N T R I G .
c k L iB R / \T io ( U  c o e r f  tc iC K iT s , K ,B  .
'
EM R B L E  SCH M IT T  T R IG & E R — S U B R O U T  1N  E C L  O  C\<
- O B T R IN  S C H M IT T  T R IG G E R  S T A T E : S U B R O U TlhJE L
S V N C
s c h m v t t
TP.IGGER 
FIRED ?
SPECIFY /X/o S k M P L i W G  S T O R E S U B R o LFT INJU­
R E  f \E T  N \
E n a b l e  c l o c r  f o r  a /d  s k m p l i m g
A d d  l a t e s t  A( d  s a m p l e d
V A L U E  T o  S T O R E
i SLlGR.OL\TiNE 
C L O C K _
O B T R l N  S C H M I T T  T R I G G E R  ST AT F S U B R O U T I N E
I S V N C
s c h m itt
j SUSfeoUTltsJE  C LO C K
C M - C U L R T L  f.\Ef\N V Q L T R G E  &  S i G N X L  V A L U E
ARGUMENT LIST : 
v k l u e  o f  s i g n a l ,VRL
(^Re t u r n )
FIG.l Flow Chart for Subroutine SAMAVG.
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APPENDIX X
COMPUTER PROGRAM DOCUMENTATION FOR SUBROUTINE ENG
Library Classification 
BENG(F)ENG.027.01
Routine to Set an Engine Speed to Give a Required Transmission 
Output Speed in an On-line Control Application
FORTRAN IV PDP8/E 22/5/73
Hardware requirements Programmable clock
1 D/A converter
1 A/D converter '
}
Author K A Edge 
Program Summary
The program may be used in an on-line control application to set the 
output speed of a hydrostatic transmission by changing the speed of 
the engine driving the transmission. The program is intended to alter 
the speed of a diesel engine fitted with an electrohydraulic governor, 
but may be employed on any engine where an electrical signal between 





CLOCK (COMPUTER Library Subroutine")
414
All variables transferred via argument list:
CALL ENG (WMTOL, WMREQD, KODE, AWM, GOVNR, ATIME)
Input Information
WMTOL - acceptable tolerance on required motor (output)
speed (rev/min)
WMREQD - required motor (output) speed (rev/min)
AWM - motor (output) speed calibration constant:
WMACT = AWM * Voltage
GOVNR - electrical signal to engine governor (volt)
ATIME - delay period before sampling and averaging signals (sec)
Output Information '
KODE - operating condition of system:
= 0, system satisfactory; = 1, 20 iterations carried out 
GOVNR - electrical signal to engine governor (volt)
Limitations and Accuracy of Program
The subroutine returns to the calling program with a value of 
KODE = +1 if more than 20 iterations (see method) are carried out.
The accuracy of the transmission output speed set, depends upon:
1. The given tolerance WMTOL
2. The resolution of the D/A converter (to set the engine speed),
which is roughly 2 mV for the PDP8/E.
3. The resolution of the A/D converter (returning the value of the
transmission motor output speed) which is roughly 2 mV for the 
PDP8/E.
415
The working range for A/D and D/A converters on the PDP8/E computer 
is:
A/D - 1 volt to +1 volt
D/A - 10 volt to + 10 volt
Inbuilt Error Messages
If more than 20 iterations are carried out, the following message 
is printed on the teletype:
20 ITERATIONS PERFORMED IN "ENG"
POSSIBLE D/A FAILURE
If the output speed falls to zero, the following message is printed 
on the teletype:
OUTPUT SPEED IS ZERO. POSSIBLE A/D FAILURE 
Storage 557 octal words
Timing Depends on application
Program Action and Algorithm
The actual output speed of the transmission must be available as 
an analogue electrical signal (from a tachogenerator, for example) 
which is connected to A/D channel number 2. The value of the actual 
output speed is found by calling subroutine SAMAVG, using the motor 
speed calibration coefficient AWM. (One electrical pulse per revolution 
of the engine shaft is required by this subroutine). As subroutine 
SAMAVG returns the mean value of a fluctuating signal, any low 
frequency noise or cyclic fluctuation (say less than 10% of the clocK
416
sampling frequency of 1000 Hz) is effectively filtered. The 
electrical signal used to drive the engine governor is obtained by 
calling subroutine SETVAL, which produces the output from D/A 
channel 3. After altering the speed of the prime mover, a pause of 
ATIME seconds is made by calling subroutine TIMSET, to allow the 
transient to die out.
An example of the action of the program is shown in Fig. 1. The 
starting condition is shown as point 1, with an output speed of 
WM^ which is considerably lower than the required output (motor) 
speed of WMREQD. The program increases the signal to the governor 
in equal increments (of 1 volt) until point 5 is reached. At this 
point, the output (motor) speed obtained is too high and outside the 
tolerance limits. The engine governor signal step length is decreased 
to half its last value and the direction of speed change reversed (the 
signal to the governor is decreased by the new value of the step 
length). The output speed falls to point 6 (too low). The progi^am 
action continues in the described manner - halving step length and 
changing the direction of the speed change - until.an operating point 
within the given tolerance limits is found. A similar procedure would 
take place for an output speed which was originally too high.
A listing of the subroutine is given in Table 1 and a flow chart in 
presented in Fig.2.
41
S U B R OUTIN E ENB(WNTOL, WN REQD, KODE, AWN, GOVNH, ATIME) 
SUBP ROG RAM N A M E  - ENG 
L I B R A R Y  C L A S S I F I C A T I O N  -
TITLE - R O UTIN E SETS E N GINE  SPEED TO GIVE A R E Q U I R E D  
T R A N S M I S S I O N  OUTPUT SPEED IN AN O N - L I N E  CONTROL 
A P P L I C A T I O N











































G V A R I A B L E  N A MES  (EXC LU DING IN PUT/OUTPUT IN FORMATION)  - -
H A R D W A R E  R E Q U I R E M E N T S  - 
PROGRAM ABLE CLOCK 
1 A/D  CON V E R T E R 
1 D/A C O N V E R T E R
A U T H O R  - K - A . E D G E
P U RPOS E - TO SET THE O U TPUT  SPEED OF A H Y D R O S T A T I C  TRA NS MI SS ION 
SYSTEM DRIVEN BY AN E L E C T R O - H Y D R A U L I C A L L Y  G O V E R N E D  
DIESEL ENGINE, BY CHA NG ING THE ENGINE SPEED
R E V I S I O N S  -
INPUT INFO RM ATION (VIA AR GUMEN T LIST) -
WM TOL  - 
WMREQD- 
AWM
G O VN R - 
AT IM E -
A C C E P T A B L E  T O L E R A N C E  ON M O T O R  S P EED (REV/MIN) 
R E Q U I R E D  M O T O R  SPEE D (REV/MIN)
M O T O R  SPE ED  CA LIBRATI ON CONST:
WMACT= A W M * V OL TAGE 
E L E C TR IC AL SIGNAL TO E N G I N E  G O V E R N O R  (VOLT)
DELAY P E R I O D  BEF O R E  SAMPLI NG & A V E R A G I N G  SIGNALS ( s e c :
O U T P U T  INFORMAT ION (VIA AR GUMENT LIST) -
K OD E - O P E R A T I N G  CON DITION OF SYSTEM:
=0, SYSTEM s a t i s f a c t o r y ; =1, 20 I T E R AT IONS 
C A R R I E D  OUT
GO VN R - E L E C T R I C A L  SIGNAL TO ENGINE G O V E R N O R  (VOLT)





AÎNC - INCR EM ENT V O L T A G E  SIGNAL TO G O V E R N O R  (VOLT) 
ELAPSE- E L A P S E D  TIME SINC E CLOCK S T A R T E D  (SEC)
I COUNT- ITERATION CO UNT ER
INCR - V A R I A B L E  USED TO INDICATE IF CH AN GE OF 
I NC RE MENT 5I%E R E Q U I R E D 
WM ACT - M O T O R  S P EED (REV/MIN)
* * * * * * * * * *
TABLE 1. Listing- of Subroutine ENG.
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C W AI T FOR 'ATIME' SEC
CALL C L O C K C O , 100)
CALL TIMSETCEL APSE, ATIME)
CALL S A M A V G ( 2 , 1 0 0 0 , 4 , 2 , A W M , 0.0,WMACT)
C CHECK IF R E Q U I R E D  O U T P U T  SPEED WITHIN A C C E P T A B L E  L I M I T S  
I F C A R S C W M A C T - W M R E Q D ) . L T . W M T O L ) G O T O  3000 
C (MORE THAN 20 ITERATIONS?
IF(I C O U N T . G T . 2 0 ) GOTO 3040 
C IS M O T O R  SPEED ZERO?
IFCWMACT. EO. r>. )GOTO 3080 
I F ( W M A C T - W M R E Q D ) 301 0, 3000,30 20  
C 0/P SPEED TOO LOW 
3010 I F ( I N C R , E Q . 2 ) G 0 T 0  3030 
AINC=AINC/2.
INCR=2 •
3030 G O V N R = G O V N R + A I N C
3015 CALL S E T V A L ( 3 , 0 . , 1 . , 0 . , GOVNR)
I C0 UNT =IC 0UNT+1 
GOTO 3050 
C 0/P SPEED TOO HIG H 
3020 I F ( I N C R . E Q . 1)GOTO 3060 
AINC=AINC/2.
INCR=1
3060 G O V N R = G O V N R - A I N C  
GOTO 3015
3000 K O DE=0  '
GOTO 3070 
3080 WRITE( 0,2010)
GOTO 309 0 
3040 W R I T E ( 0,2000)
309'0 K0DE=1 
3070 RETURN
2000 FORMATC ' 20 IT ERATIONS PE R F O R M E D  IN "ENG" '/
1 • P O S S I B L E  D/A FAILURE'/)


















E N G I N E
ÿjrjr
FIG .l PROGRAM ÂLOGORITHM.
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( STRRT )
INPUT DRTR VIA 
f\RGUN\ENT LI5T
-- I
S T A R T  C L O C K
WAIT ATIME SECONDS
o b t a in  (VvOTo R. s p e e d  
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FIG.2 Flow Chart for Subroutine EKG.
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APPENDIX XI
COMPUTER PROGRAM DOCUMENTATION FOR SUBROUTINE TIMSET
Library Classification 
BENG(F)TIMSET, 028.01
Use of Programmable Clock to Wait for Given Period
FORTRAN IV PDPB/E 22/6/73
Hardware requirements Programmable Clock
Author K A Edge
)
Program Summary
The subroutine is used to produce a required delay (in seconds) for 
on-line control and data acquisition purposes. The subprogram also 
updates the total elapsed time since the clock was started.
Associated Subroutine TIME (computer Library subroutine)
All variables transferred via argument list:
CALL TIMSET (ELAPSE, TSTEP)
Input Variables (via argument list)
elapsed time since clock started (sec)
.= zero for first call of TIMSET, and equal to last 
returned value of elapsé on subsequent TIMSET calls
(provided clock is left running)
422
TSTEP - period of delay required (sec)
Output Variable (via argument list)
ELAPSE - New total elapsed time since clock started.
Limitations and Accuracy of Subprogram
1. The clock must be running before the subroutine is called.
2. The clock rate must be sufficiently fast enough to provide
more chan one clock pulse in the delay period required.
If clock rate = N/T (Hz)
where T is period of delay required (sec) ,
and N is an integer 
then, the greater the value of N, the greater the accuracy of the 
delay period.
For the PDP8/E the clock rate should not exceed 1000 Hz.
Storage 156 octal words
Timing Depends on delay required
Example of program in use
CALL CLOCK (0, 100) clock started at 100 Hz 
ELAPSE = 0 . 0
CALL TIMSET (ELAPSE, 0.5) Delay of J sec
Program - for example, access A/D converters 




It should be noted that the second call of TIMSET in the example, 
results in a delay of 0.5 sec since the last call of TIMSET, and 
the time taken to execute the statements between the subroutine 
calls is included in this pause of 0.5 sec.
A listing of the subroutine is given in Table 1 and a flow chart 
presented in Fig. 1 . ...............  ..........................
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S O B H O U T I M E  T I M S E T C E L A P S E , T S T E P )
C. SUBP ROG RAM M A M E  - TI MSET  
C LI BRARY  C L A S S I F I C A T I O N  - 
C
C TITLE  - USE O F  P H O G R A M A D L E  CLO CK  TO WAIT FOR GIVEN PERI O D  
C
C FORTRAN IV P D P R / E  22/6/73
C
C H A R D W A R E  R E Q U I R E M E N T S  - P R O G R A M A B L E  CLOCK 
C
C, AU THOR  K. A. E D G E ........................ ...................................
C
C R E V I S I O N S  - 
C
C INPUT I N F O R M A T I O N  (VIA A R G U M E N T  LIST) - 
C ELAPSE- E L A P S E D  TIM E  SINCE CLOCK ST ARTED (SEC)
C T S T E P  - P E R I O D  OF P A U S E  R E Q U I R E D  (SEC)
C
C OU TP UT  I N F O R M A T I O N  (VIA ARG U M E N T  LIST) -
C ELAPSE- N E W  TOTAL E L A P S E D  TIME AFTER S U B R O U T I N E  CALL (SEC)
C
C VA R I A B L E  N A M E S  ( E X C L U D I N G  I NPU T/ OUTPUT INFORMATION) - 
C A T I M E  - AC TU AL E L A P S E D  TIME SINCE START OF CLOCK (SEC)
C
C A S S O C I A T E D  S U B R O U T I N E  - TIME 
C
C OTH ER  I N F O R M A T I O N  -
C *** CLOCK M U S T  BE R U N N I N G  BE FO RE  S U B R OU TINE IS C A L L E D  *
Cc * * * * * * * * * *
E L A P S E = E L A P S E + T S T E P  
3000 CALL TIME(ATIM E)
I F ( A T I M E . L T . E L A P S E ) G O T O  3000
RETURN
END
TABLE 1. Listing of Subroutine TIMSET
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